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Thl»  report  was  prepared  by  the  Aerospace  Mechanics  Group  of  the 
University  of  D  >yton  Research  Institute  under  U.S.  Air  Force  Contract 
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no.  136908.  "Military  Air  Vehicle  Landing  Gear/Surface  Interaction  Criteria. " 
This  work  was  conducted  under  the  d.rectlon  of  the  Vehicle  Equipment  Division. 

Air  Force  Flight  Dynamics  Laboratory.  Wrlght-Patteraon  Air  Force  Base, 

Ohio.  Mr.  George  Sperry  (FDFM),  Project  Engineer. 

This  report  covers  work  conducted  from  15  August  1969  to 
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Publication  of  this  technical  report  does  not  constitute  Air  Force 
approval  of  the  report's  findings  or  conclusions.  It  is  published  only  for  the 
sxchs&gc  > “*«  stimulation  of  ideas. 

KENNER LY  H.  DICGES 

Chief,  Mechanical  Branch 

Vehicle  Eauipmeot  Division 

Air  Force  Flight  Dynamics  Laboratory 
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ABSTRACT 


Ultimate  goal*  of  Air  Force  landing  gear/soil  Interaction  retrarch 
are  to  develop  maximized  landing  gear  design  criteria  for  aircraft  operation 
on  soil  surface*  and  to  establish  absolute  techniques  for  the  prediction  of 
military  aircraft  operational  capability  at  any  soil  surfaced  site.  In  order 
to  achieve  these  goals,  real  life  relationships  must  be  established  between 
aircraft  surface  operational  capability,  and  soil  and  site  characteristics. 

This  program  was  concerned  with  the  idectlflcation  of  both  soil  and 
site  parameters  usable  for  defining  aircraft  operations  capability.  The 
research  effort  included  a  literature  survey,  a  review  of  existing  rapid 
in  situ  and  remote  senaing  techniques  for  determining  soil  strength  and 
ground  roughness,  and  a  study  of  the  proposed  active  landing  gear  system 
as  related  to  the  required  soil  and  site  parameters.  A  detailed  description 
of  each  of  the  reviewed  rapid  in  situ  and  remote  sensing  technique*  is 
included. 
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SECTION  I 
INTRODUCTION 


The  effective  end  efficient  operation  of  Air  Force  aircraft  from  eoll 
surfaced  sites  is  dependent  upon  providing  aircraft  with  maximised  lauding 
gear  systems  and  the  ability  tc  predict  aircraft  operational  capability  at  any 
eoll  surfaced  site.  A  maximised  landing  gear  system  will  minimise  dynamic 
loads  Induced  Into  the  aircraft  and  provide  capability  to  achieve  the  muimom 
number  of  operations  required  at  apacifted  minimum  ao.l  surface  site  con* 
dltlont.  Moreover,  a  maximised  system  must  have  a  minimum  total  sod 
related  structural  weight,  and  require  the  smallest  stowage  space  possible. 
Effective  use  of  aircraft  can  be  made  only  if  aircraft  operational  capability  at 
each  soil  surfaced  site  to  be  used  can  be  established  on  an  abaolut*  basis. 

In  ordar  to  dsvelop  maximised  landing  gear  critaria  and  establish 
absolute  techniques  to  predict  aircraft  operational  capability  at  soil  surfaced 
sites,  real  life  relationships  must  be  developed  between  landing  gear  surface 
operation  capability  and  eoll  ourface  and  site  parameters.  Therefore),  the 
objective  of  this  study,  on  a  preliminary  basis,  was  to  obtain  a  general  under¬ 
standing  and  to  Identify  soil  and  site  parameters  related  to  landing  gear  oper¬ 
ation  capability.  Also,  the  study  provides  a  review  of  existing  methods  for 
determining  the**  parameter#. 

The  research  effort  Included  a  literature  search,  an  Identification 
and  recommendation  of  both  soil  and  site  parameters,  and  a  review  of  existing 
rapid  la  situ  and  remote  methods  for  determining  these  parameters.  A  portion 
of  the  study  was  devoted  tn  relating  the  current  state-of-the-art  of  remote  and 
In  eitu  measurement  of  soil  and  site  parameters  to  the  development  of  an  active 
landing  gear  system.  Descriptions  of  In  situ  and  remote  evaluation  technique* 
and  applicable  reference  report*  are  provided  La  Appendix  C.  Only  unclassified 
material  was  reviewed  for  this  program. 

In  reviewing  literature  searches  from  DDC,  NASA,  and  other  soarcs*, 
approximately  1000  titles  and/or  abstracts  were  screened  and,  of  this  total 


110  appear  in  Appendix  A.  with  a  cron  index.  In  addition  to  this  Appendix, 
there  >•  considerable  literature  that  report*  using  either  in  *itu  or  remote 
sensing  device*.  The*e  articles,  however,  either  did  not  discuss  the  device* 
directly  or  were  reference*  which  gave  only  example*  of  specific  application* 
of  remote  sensor*.  Consequently,  this  type  of  article  provided  no  basic 
insight  into  the  problem  of  aircraft  surface  operation  research  as  related  to 
either  in  situ  or  remote  sensing  and  therefore  was  not  Included  in  the  list. 

To  supplement  the  literature  review  with  the  most  current  Information 
on  in  situ  soil  testing  techniques,  an  information  request  was  sent  to  twenty-two 
governmental,  educational,  and  industrial  organisations  who  were  identified 
as  knowledgeable  in  the  rapid  in  situ  and  remote  sensing  area*.  A  copy  of 
this  request,  which  is  included  as  Appendix  B,  was  sent  to  each  organization 
subsequent  to  a  personal  phone  call  from  the  University  of  Dayton  Research 
Institute.  This  information  request  asked  each  organization  to  comment  on 
the  method*  listed  ,  to  write  in  any  method  not  Listed  that  might  be  applicable, 
and  to  evaluate  current  methods  of  in  situ  rapid  testing  and  remote  sensing  of 
soil  properties  which  will  define  soli  properties  applicable  to  aircraft  flotation 
and  operation  on  soil  surfaces. 


SECTION  n 

RAPID  IN  SITU  SOIL  MEASURING  TECHNIQUES 


1 .  Method  Identification 

Among  the  many  method*  of  evaluating  soil  properties  in  situ  for 
analysis  of  aircraft  flotation  and  surface  operation  capability,  eight  were 
selected  from  the  literature  as  being  either  the  most  feasible  or  the  moat 
currently  used.  Of  the  eight,  all  but  two  report  a  soil  strength  that  is  ob¬ 
tained  through  some  type  of  penetration  test.  All  but  one  define  some  strength 
parameter.  These  eight  methods  are: 

Mobility  Cone  Penetrometer 

Airfield  Cons  Penetrometer 

California  Bearing  Ratio 

Bevameter  Bearing  and  Shear  Devices 

Remolding  Index 

Shesrgrsph 

Nuclear  Methods 

Dimensional  Analysis  for  Relating  Military  Vehicle  Huts  to 
Aircraft  Flotation  Capacity 

The  r.uclear  devices  and  the  sheargraph  do  not  measure  a  penetration 
type  of  strength  and  the  former  does  not  measure  strength  at  all.  Stre  gtb 
can  only  be  inferred  from  the  moisture  content  and  density  as  measured 
with  the  nuclear  devices.  Each  of  the  methods  listed  and  a  few  other  related 
methods  are  described  in  detail  in  Appendix  C.  Included  in  this  description 
Is  a  reference  which  will  serve  as  a  prime  source  of  Information  for  that 
method.  Note  that  the  Mobility  Cone,  Airfield  Cone,  and  Remolding  Indices 
*re  very  closely  related  and  may  be  considered  either  as  on*  system  or 
three  separate  methods  as  listed. 


2. 


£ 


ur|»aimiona  i 


Twelve  organization*  responded  to  a  request  to  review,  comment  on. 
and  rate  rapid  in  situ  technique*  lor  the  determination  of  soil  strength. 
Appendix  B  provide*  a  list  of  participating  organization*,  tha  request  letter 
used,  and  Information  Summary  Sheet*.  Table  1  provide*  a  summary  of 
the  rating*  given  to  the  In  situ  technique*  considered. 


The  comment*  on  each  of  theee  method*  were  somewhat  repetitive, 
therefore  only  a  condensed  Hat  i*  presented  below.  For  convenience  they 
are  grouped  by  method. 


Mobility  Cone  aad  Airfield  Index: 

I*  simple  to  operate  and  easy  to  reduce  data 

Give*  *oil  profile  with  depth 

Give*  good  correlation  of  data 

Measure*  a  small  loading  area 

Doe*  not  measure  a  fundamental  soil  property 

I*  not  applicable  to  high  strength  soil 


California  Bearing  Ratio: 

Is  a  well-known  test 

Gives  good  correlation  of  data 

Measures  only  surface  properties 

Requires  heavy  equipment  and  is  time  consuming 

Requires  excavation  to  get  a  depth  profile 


Bevameter: 

Attempts  to  measure  a  fundamental  soil  property 
Presently  gives  no  correlation  to  aircraft  flotation 
Boundary  conditions  not  defined 
Data  reduction  difficult 
M ensured  strength  consistently  too  low 
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Tab!*  1.  Organiifctlon*l  Review  and  Hating  q(  In  Situ  Techniques 


2  3  4  5 


10  11  12  I  W*'«h,ed 


MOBILITY 

CONE 


AIRFIELD 

INDEX 


CALIFORNIA 
BEARING  RATIO 


BEVAMETER 

SHEAR 


BEVAMETER 

BEARING 


REMOLDING 

INDEX 


SHEARGRAPH 


METHODS 


Ditnena  tonal 
Aaalyaia  (Military 
Vehicle  to  Aircraft 
Flotation  Capacity) 


2  2  11113  111 


112  1111 


HHI 


2  3  3  2  2  1  12  3 


■nHin 

hhhwI 

HBHBBBI 


8  13  4.  1 


3  31-2  8  5  6  1 


RATING  KEY:  Method*  are  rated  in  order  of  preference  (i.  e.  ,  l-be«t,  2-next 

beat . 9-leaat  acceptable).  Blank  blocks  indicate  that 

no  rating  waa  given  in  the  reaponae. 


Remolding  Index: 

Give*  a  possible  multipass  correlation 

Sheargraph: 

la  easy  to  operate 

Boundary  conditlona  are  unknown 

Data  ia  instrument  dependent 

Presently  gives  no  correlation  to  aircraft  flotation 
Measures  a  small  loading  area 

Nuclear; 

Is  rapid  and  nondestructive 

Presently  gives  no  correlation  to  soil  strength 
Needs  calibration  for  each  soli  type 

Dimensional  Analysis  (Military  Vehicle  to  Aircraft  Flotation  Capacity): 
Presently  gives  no  correlation  to  aircraft  flotation 
Has  limited  prediction  capability 

In  addition  to  personal  c  . .omenta  on  different  methods,  some  respon¬ 
dents  listed  other  methods  they  thought  would  be  of  Interest.  These  are  as 
follows: 

Penetro-Sbear: 

Apparently  a  method  of  testing  such  that  both  shear  and  bearing; 
properties  can  be  measured  concurrently. 

"The  Penetro-shear  Apparatus",  Tech.  Report  No.  10332, 

U.  S.  Army  Tank-Automotive  Center,  Warren,  Mich., 

July  1968. 

Soil  Truss: 

A  method  of  measuring  shear  strength  under  a  large  loading  area. 
Tech.  Mem.  M-003.  U.  S.  Naval  Civil  Engineering  Lab, 

Port  Hueneme,  California. 
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Evans  Shear  Vane: 


Measure!  shear  strength. 

"Measurement  of  Surface  Beartng  Capacity  of  Soil", 
Geotechnique  Vot.  II,  June  1950. 

Plate  Bearing: 

Allows  evaluation  of  soil  properties  using  larger  loading  areas. 

This  is  a  common  method  to  most  engineers. 

Seismic: 

These  devices  have  responses  that  are  related  to  stiffness  but 
the  data  has  not  been  fully  developed  into  a  suitable  correlation 
for  actual  use. 

Vibratory: 

A  method  under  development  that  will  hopefully  give  a  value  of 
the  shear  modulus  of  soil. 

The  above  six  methods  are  generally  obscure  except,  of  course,  for  plate 
bearing.  They  are  not.  for  various  reasons,  applicable  to  the  tire/aoil 
interaction  problem. 

3.  Results 

Baaed  on  the  review  of  literature  and  the  organizational  review,  the 
cone  penetration  type  test  (either  Mobility  or  Airfield)  ia  presently  the  best 
rapid  method  of  aaseasing  the  soil  strength  fur  the  prediction  of  aircraft  soil 
surface  interaction  phenomena.  The  first  cone  penetrometer  was  developed 
by  the  Waterways  Experiment  Station  for  mobility  research  and  testing.  Since 
that  development  by  WEIS,  the  penetrometer  has  been  very  popular  In  eval¬ 
uation  testing  of  aircraft  for  flotation  on  unprepared  airfields.  Most  of  this 
testing  was  reported  using  CBR  values,  and  as  s  consequence,  there  are  many 
correlations  relating  flotation  and  CBR  values.  Upon  reviewing  some  of  these 
earlier  tests,  it  was  noticed  that  many  of  the  CBR  values  were  obtained  through 
a  correlation  of  CBR  vs  Airfield  Index  values.  Thus,  most  of  the  field  testing 
of  soil  strength  in  the  past  has  been  done  with  a  cone  penetrometer  and  therefore 
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there  id  a  good  correlation  between  aircraft  pirlorirunti  and  coa*  pimiromutir 
values.  In  addition  to  the  above,  the  cone  penetrometer*,  either  the  airfield 
or  mobility  type,  are  eimple  to  operate,  eftcily  carried  by  one  man  for  field 
use,  and  permit  qutck  data  reduction. 

The  major  drawback*  of  the  penetrometer  Include  operator  error  which 
decreaeee  reliability,  need  for  individual  calibration  to  be  able  to  accurately 
relate  cone  penetration  value*  to  CBR,  need  for  repetitive  teete  to  eatablleh 
a  realiatlc  average  eoil  strength  index  and  other  minor  operational  problem* 
aa  noted  in  Appendix  C. 

Another  promleing  method,  presently  in  an  Initial  evaluation  stage, 
i*  an  empirical  correlation  between  the  measured  rut  depth  of  a  standard 
military  truck  tire  and  the  flotation  performance  of  an  aircraft  tire  on  the 
same  soil.  This  simple  method  would  allow  the  evalu  ation  of  an  airfield 
by  measuring  the  rut  depth  of  a  military  vehicle,  and  relating  that  value  to 
the  flotation  capacity  of  the  field  for  a  specific  aircraft  through  the  use  of  a 
previously  developed  empirical  correlation.  This  t/pe  of  approach  to  flotation 
analysis  does  not  allow  a  fundamental  look  at  the  soil,  but  It  does  give  a  simpl 
quick  method  of  evaluating  airfields  without  the  use  of  sophisticated  equlpmen' 
ana  analysis  techniques.  Another  advantage  of  this  method  is  that  it  will  alio 
an  absolute  evaluation  of  flotation  without  waiting  for  a  more  fundamental 
solution  to  the  problem  to  be  developed. 


SECTION  III 

REMOTE  SOIL  SENSING  TECHNIQUES 


Remote  ••at  Ini  Is  not  *  new  science  and  l*  highly  sophisticated  in 
many  specific  application*  related  to  problems  In  agriculture,  highway 
engineering,  and  military  reconnaia  atnce,  and  consequently  a  considerable 
body  of  knowledge  concerning  remote  sensors  has  been  compiled.  The  major 
problem  with  all  remote  sensing  techniques  Is  that  a  generalised  method  of 
analysis  of  remote  sensor  data  Is  not  presently  possible,  and  therefore  each 
application/analysis  must  be  related  to  a  set  of  specific  conditions  Involv- ng 
the  specific  sensor,  weather,  time  of  year,  time  of  month,  and  time  of  day, 
to  mention  only  a  very  few  of  the  controlling  variables.  Thus  the  conclusions 
that  are  reached  during  some  remote  sensing  application  are  only  applicable 
to  the  same  original  set  of  conditions,  and  are  not  generally  applicable.  In 
light  of  this,  a  general  analysis  of  remote  sensors  for  application  to  aircraft 
flotation/soil  surface  Interaction  parameters  is  not  possible,  and  only  a  few 
investigators^’  ^  have  studied  the  specific  parameters  associated  with 
the  military  aircraft  flotation  and  operation  on  soil  through  the  use  of  remote 
sensors.  Therefore  the  discussion  of  remote  sensors  In  this  report  will 
Include  only  Limited  basic  descriptions  of  the  remote  sensing  methods  and 
their  possible  application  to  the  sensing  of  flotation  parameters. 

I.  Method  Identification 

From  the  diverse  selection  of  remote  sensing  methods  and  sensors, 
eight  categories  of  sensor  techniques  were  selected  to  be  discussed  and 
discussion  is  limited  to  specific  applies  tiona  that  are  directly  related  to 
flotation  parameters.  The  eight  categories  selected  are: 

Aerial  Photography 

Infrai  ed 

Radar 

▼  ....  n _ / :  i  _  n _ s _ 
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Impact  Penetrometers 
Microwave  Radiometer 
Gamma  Ray 
Multlsenkor 


Limited  descriptions,  discussions,  and  references  for  thaaa  categories 
are  provided  in  Appendix  C,  and  In  addition  there  are  a  few  prime  sources  for 

background  and  detailed  description*  of  th«ise  categorlea  in  the  reference 
u.t<1.  2.  3.  4.  5.6)  Th< 

Proceeding*  of  the  Sympoaiume  on  Remote  Sensing  of 
environment,  which  were  held  at  Michigan  University,  Ana  Arbor,  Michigan, 
are  also  good  sources  of  remote  sensor  Information. 


Organizational  Review  -  Remote  Sensing  Results 


Rating*  of  remote  sensing  techniques  by  organizations  contacted  are 
provided  in  Table  2.  Again,  the  comments  were  somewhat  repetitive  and  they 
are  preeented  here  in  condensed  form. 


Airphoto: 

Gives  broad  area  coverage 

Is  most  advanced  of  all  methods  of  remote  sensing 
la  not  a  real  time  method 

Sun  angle  and  other  atmospheric  conditions  are  important 
Needs  expert  interpretation 

Radar: 

Penetrates  soil  and  consequently  relates  soil  properties  with  depth 
Defines  only  gross  topographical  features 

Moderate  to  high  moisture  content  will  mask  soli  properties 
Is  not  a  real  time  method 


Laser: 

Is  a  rapid  real  time  device 
Gives  accurate  microrelief 
Gives  a  continuous  profile 


Teblo  2 .  Organise* tonal  Review  and  Rating  of  R  #  m  o'  a  Sensing  Techniques. 
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AERIAL  IMPACT 
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INFRARED 

5 

4 

4 
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3.4 

MICROWAVE 

4 
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3 

3.8 

GAMMA  RAY 

5 

5 

6 

4 

5.0 

RATING  KEY:  Methods  are  rated  In  the  order  of  preference  (1.  e.  ,  l-tx»*t, 

2 -next  beat . 9-least  acceptable).  Blank  bloc ke  Indicate 

that  no  rating  was  given  to  the  response- 


Dots  not  penetrate  foliage  to  sense  soil  gurUct 
Need*  further  development 
Nerd*  better  altitude  reference 

Multispectral: 

Give*  optimum  amount  of  loformatlon 
Give*  food  spectral  signatures 
1*  not  a  real  time  device 
Need*  expert  analyaia 

Impact  Penetrometer: 

Presently  jive*  no  correlation  to  aircraft  flotation 
Need*  many  teat*  for  proper  evaluation 
Strength  value  haa  love  reliability 

Infrared: 

Give*  good  data  related  to  moisture  content 
I*  not  a  real  time  device 
Measures  only  surface  propertle* 

Microwave: 

Gives  data  with  depth 

Sensitive  to  moisture  content  and  soil  type 
Needs  compsoaatioa  for  atmospheric  conditions 

Gamma  Ray: 

la  restricted  to  low  altitude  flight 

Given  no  correlation  for  strength  evaluation 

Additional  sensing  techniques  suggested  which  were  Dot  listed  on  the 
information  request  form  due  to  their  limiiad  stags  of  development  were: 

Polarisation  (optical): 

Yields  information  on  surface  structure  and  porosity  bur  has 
to  be  used  with  multlspectral  data. 
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Siekai  parameter  Analytic 

Yields  Information  oa  micro*  sad  macrottracUr*  o 4  soils  w4 
mutt  be  dost  mullltpatt rally . 

In  addition  to  the  t nfo -mat loo  rrquest.  a  trip  was  mad*  to  Willow  Run 
Libu  r  at  or  l  *  t  at  th*  I'nivtriltr  of  Michigan.  Willow  Run  Laborator  *  *t  v«a 
held  all  of  tha  previous  symposiums  on  rsmots  tenting  of  tn»i ron-nent,  tod 
art  currently  pursuing  atat*-of-th*-art  rtttarch  In  remote  tenting.  At  a 
retult  of  thie  trip,  tha  following  conclusion*  ware  drawn  at  to  the  application 
of  remote  tenting  at  applied  to  flotation  analysts: 

A.  All  rtmote  eenalng  la  composed  of  two  things:  (1)  a  statistical 
analysts  of  the  data,  and  (2)  Inference  of  the  meaning  of  tb* 
statistical  analysis. 

B.  Remote  teasing  is  In  Its  beginning  stages  la  many  areas. 

C.  The  laser  profllorneter  can  measure  accurate  mtcrorelief  If  It 
"sees"  the  surface. 

D.  Radar  systems  probably  will  not  be  of  a  great  deal  of  help  to 
flotation  analysis. 

E.  Microwave  analysts  can  be  related  to  moisture  content  and  soil 
type. 

r.  An  analysts  of  the  technique  of  a  multiseoaor  system  has  not 
beau  done. 

C.  No  one  has  attempted  to  study  roughness  and  strength,  an  related 
to  aircraft  flotation  and  aurface  operation;  therefore,  there  Is  no 
correlation  at  present  between  remote  devices  arsd  parameters  used 
for  flotation  analysts. 

J,  Results 

la  considering  the  value  of  the  remote  sensor  as  a  device  for  evaluating 
flotation  parameters.  It  mail  be  remembered  that  remote  sensor#  (except 
for  tha  aerial  penetrometer)  measure  an  effect  rather  than  some  fundamental 
property  of  soil.  Therefore,  parameters  such  as  soil  type,  moisture  content, 

IS 


> 


t* 


«/ 


* 


» 


ft 


ft 


ft  • 


ft 


ft 


ft 


ft 


ft 


♦  • 


I 


density,  and  especially  soil  atrength  can  only  be  Inferred  from  the  remote 
eaneor  data.  Additionally,  remote  sensing  analysis  results  have  not  been 
correlated  wilh  aircraft  flotation  and  surface  operation  parameters  to  the 
needed  degree  of  accuracy. 

In  order  to  discuss  the  merit*  of  remote  sensor  devices,  the  basis  of 
comparison  will  assume  that  some  measure  of  atrength  combined  with  some 
measure  of  microrelief  or  roughness  is  necessary  to  adequately  def'ue  surface 
parameters  which  can  be  related  to  aircraft  operation  capability  and  that  the 
remote  sensor  parameters  be  obtained  In  real  time.  Based  oo  the  literature 
review,  organizational  review,  and  other  factors,  the  laser  profllometer 
appears  to  be  at  present  the  best  sensor  method  for  establishing  surface 
roughness  measurements  on  a  real  time  basis.  This  method  Is  not  as  yet 
operational,  but  has  been  shown  to  accurately  measure  microrelief  to  high 
accuracies^  \  The  operation  of  a  laser  profilometer  is  very  complicated  due 
to  the  sophisticated  electronics  and  asaociated  mechanical  problems  (i.  e.  , 
aircraft  roll  and  pitch).  The  data  analysis  is  difficult,  since  reflection#  will 
occur  off  bushes,  gras*,  trees,  etc.,  and  therefore  there  is  doubt  as  to 
whether  the  laser  measures  the  elevation  of  the  soil  surface  or  the  top  of  other 
vegetation  or  the  surface  water  over  a  soil.  Due  to  this  feature  the  laser 
profiler  cannot  be  used  by  itself,  but  rather  must  be  used  with  a  system  that 
accurately  tracks  the  laser  beam  and  describe*  what  surface  the  laser  is 
•easing. 

It  appears  that  the  best  system  for  surface  roughness  evaluation  to 
fit  these  requirements  is  a  combination  of  the  laser  profilometer ,  infrared 
scanner,  ■  .d  strip  photography^.  The  infrared  scanner  will  accurately  plot 
the  path  of  the  laser  beam,  and  the  photography  will  ahow  exactly  what  has 
been  profiled  and  with  considerable  research  It  ahould  be  possible  to  use  such 
a  combined  system  on  a  real  time  basis. 

Other  remote  sensing  devices  are  even  more  difficult  to  evaluate  since 
they  were  not  developed  for  sensing  soil  surface  parameters  related  to  air¬ 
craft  operation  capability.  It  Is  very  clearly  pointed  out  by  Rlb^  that 
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gene  rail  .at  I  on.  mad.  from  the  .poctflc  application  of  one  ..o.or  to  bother 
Application  of  the  earn*  Aen.or  will  ln  *11  likelihood  be  wrong.  Rtb(6)  doee 
prorid*  *  good  compilation  of  pr.viou.  remote  Motor  application*. 

At  preeent  the  be«t  remote  itmor  method  for  evaluating  eoil  etrengtb 
«•  probably  the  aerial  Impact  type  penetrometer.  While  thi*  device  ha.  not 
been  ehown  to  mea.ure  a  unique  .oil  .trength  parameter  for  different  .oil., 
it  doe.  mea.ure  a  .oil  re.pon.e  that  can  dl.t.ngul.h  between  different  .oil 
type.  and  provide,  an  e.tlmate  of  .o,l  .trength^  In  apeclflc  caae..  A 
•  tmllar  In.trumeot,  which  wa«  actually  *  forerunner  to  th.  Impact  pene¬ 
trometer.  1.  the  aerial  cone  penetrometer.  Th.  aerial  penetrometer  le  aleo 
not  an  accurate  -oil  etrength  m.a.uring  device,  hut  doe.  bracket  the  value  of 
the  .oil  .trength  wtthln  certain  limit.. 

The  aerial  impact  penetrometer,  at  pre.ent.  provide,  the  only  remote 
•oil  .trength  mea.urtng  technique  available  on  a  real  time  ba.i.,  although 
there  i.  the  po..lbillty  of  inferring  both  .oil  .trength  and  rnrface  roughne.a 
'rom  other  remote  .en.or  device..  Airphoto  analy.l.  i.  probably  ia  *  general 
.en.e  the  met  advanced  remote  .en.ing  method  and  can  be  u.ed  to  interpret 
the  type  of  .0,1.  mol.ture  content,  .oil  .trength,  and  .oil  .urface  roughne..(4), 
p  e  ently  only  after  extenaive  correlation  to  ground  truth  data,  and  with 
*  lower  order  of  accuracy  than  required.  Airphoto  analy.l.  1.  therefore  not 

4  real  time  method  and  the  ornbi^.  >..Aeu..j  . 

.  - -  Wl^u  iim  uae  anq  esata  inter- 

pretatlon  are  highly  .ophi.tlcated.  Other  method,  of  remote  .en.ing,  at  thi. 
•tage.  can  only  provide  .uppleme.utary  Information  for  obtaining  .oil  .trength 
and  .urface  roughne.a  parameter.. 


SECTION  IV 

SOIL  AND  SITE  PARAMETERS 


,,  ,  ....JIO.II.U)  ,  ..  (13.14.15.16) 

Experimental  Investigation*  by  NASA  and  other* 

have  ihown  that  significant  ground  loads  are  induced  in  aircraft  operating  on 

rough  runway*.  These  roughness-induced  ground  loads  lead  to  structural 

fatigue  failures  in  the  aircraft  and,  In  some  instance*,  landing  gear  failures. 

The  specification  of  roughness  alone  for  aircraft  operating  on  unprepared 

runways  Is  not  sufficient,  however,  for  estimating  ground  loads  since  the 

stiffness  (strength)  of  the  soil  tends  to  reduce  the  developed  ground  load*  below 

that  which  would  be  encountered  on  a  rigid  surface  with  the  same  roujhne**^^. 

In  fact,  for  aircraft  operations  on  extremely  low  strength  soil  (Instantaneous 

siukages  greater  than  approximately  4"),  little  effect  of  short  wavelength  ground 

roughness  would  be  "felt"  by  the  landing  gear.  Thus,  it  Is  evident  that  a  dual 

parameter  system  Is  necessary  In  order  to  define  the  suitability  of  a  site  for 

aircraft  operation*.  A  suitable  measure  of  soil  strength  defines  oue  required 

parameter,  while  a  suitable  measure  of  surface  roughness  defines  the  other 

required  parameter. 

1 .  Soil  Parameter  (Strength) 

Three  methods  of  al;  those  reviewed  were  considered  applicable  for 
defining  the  required  soil  strength  parameter. 

A.  A  cone  penetrometer  index 

B.  California  Bearing  Ratio  (CBR) 

C.  Military  vehicle  rut  depth  correlation. 

The  first  two  methods  have  long  been  used  for  defining  strength  parameters 
for  flotation  analysis'  *  •  •*•/.  The  military  vehicle  rut  depth  correlation 

not  been  fulLy  Investigated,  but  it  does  afford  the  possibility  of  a  simple 
and  ;4ulc k  evaluation  method  for  an  empirical  airfield  strength  parameter.  Be¬ 
cause  the  third  method  is  not  operational  at  the  present  time  and  due  to  the  fact 
that  the  cone  penetrometer  is  a  better  field  evaluation  tool  than  th«  CBR,  the 
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con*  penetrometer  type  of  Index  ta  considered  the  moat  suitable  rreaae  to 
measure  airfield  soil  strength.  The  limitations  and  accuracy  asiociated  with 
the  use  of  the  penetrometer  certainly  suggests  the  need  of  a  more  accurate 
field  evaluation  tool.  Until  such  a  device  is  developed  through  an  operational 
stage  which  measures  more  fundamental  soil  propertiea,  however,  the  use  of 
the  cone  penetrometer  adequately  fulfill*  the  interim  requirements.  There 
are  four  types  of  cone  penetrometers  currently  available.  Including  thn  mobility 
cone,  airfield  cone,  aerial  cone,  and  many  variations  o' the  Impact  cone.  Of 
tbsse  four  devices  the  mobility  and  airfield  cone  penetrometer  are  considered 
most  suitable  and  have  been  utilized  in  automated  field  environment  analyzers. 
Both  the  mobility  and  airfield  penetrometer  provide  well-developed  correlations 
between  soil  strength  and  aircraft  flotation  analysis.  Also,  accurate  correlations 
have  been  established  between  these  two  penetrometers  and  GBR  related  flotation 
data. 


2.  Site  Parameter  (Roughness) 

Of  particular  interest  in  defining  surface  roughness  of  soil  runways  is 
the  determination  of  surface  elevation  differences  to  within  approximately 
one-quarter  to  one-half  Inch.  Presently  used  methods  of  remote  sensing  of 
surface  elevations  were  described  in  Section  HI.  To  date,  only  the  laser 
technique  has  shown  sufficient  promise  of  fulfilling  aircraft  remote  rougnness 
measuring  requirements.  This  section  is  concerned  with  the  interpretation 
of  roughness  data  leading  to  the  definition  of  a  roughness  parameter.  The 
problem,  simply  stated,  is  to  define  roughness  in  a  precise  and  meaningful 
manner  with  a  minimum  number  of  variables. 


Interpretation  of  surface  roughness  using  mm;  profile  data  can  be 
based  on  either  a  discrete  (deterministic)  approach^^’  or  a 

statistical  approach^  ’  ^  1  ^ A  summary  of  each  of  these  approaches 
U  given  below. 

A.  Discrete  Method 


The  basis  of  most  discrete  methods  is  to  take  either  the  actual 
runway  profile  or  a  simulated  worst  condition  bump  or  dip  profile  and  use  this 
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profile  at  input  to  &  mss  s- sp r  Ing-damplng  mathematical  modal.  Thlt  modal 
it  Intended  to  eimut&te  the  actual  aircraft  through  aclect  on  of  the  proper  model 

parameter®.  Pretent  technology  permits  an  accurate  characterisation  of  the 

,  w  .  ,  .  J  ,  .  .  .  .  <13,  U.  19,  23) 

aircraft  by  ute  of  multi-degree  of  freedom  modela  The  advantage! 

of  thlt  approach  Include  the  ability  to  generate  greater  amcunta  of  and  more 
exact  Information  including  the  determination  of  the  magnitude  and  location  (on 
the  runway  profile)  of  peak  ground  Induced  loada  at  different  stations  within 
the  aircraft.  The  dltadvantagee  Include  much  greater  computer  running  timet 
In  comparison  to  statistical  approaches  when  accurate  simulation  models  are 
used.  Additionally  the  discrete  method  does  not  permit  the  development  of  guide¬ 
lines  or  limiting  values  which  might  be  applicable  to  a  broad  class  of  unaurfaced 
runways. 

B.  Statistical  Methods 

The  major  efforts  fot  ground  roughness  analysis  have  been  directed 
at  the  statistical  analysis  approach.  This  effort  was  partly  brought  about  by  the 
lack  of  success  In  early  attempts  to  determine  representative  bump  shapes, 
amplitudes,  and  vehicle  speed  to  use  in  conjunction  with  landing  gear  design 
and  also  by  the  previously  mentioned  large  computational  times.  Two  of  these 
statistical  approaches  are  described  below. 

Power  Spectral  Density  Approach 

The  power  spectral  density  (PSD)  method  is  a  mathematical 
method  of  presenting  the  essential  aspects  of  the  profile  by  showing  the  dis¬ 
tribution  of  roughness  (amplitude  aa  defined  by  power  spectra)  with  wavelength. 
The  higher  the  power  spectral  density  at  any  wavelength,  the  greater  the  ampli¬ 
tude  or  displacement  from  the  mean  (roughness).  Since  the  power  spectral 
method  represents  the  average  roughness  over  the  length  of  the  runway  for 
various  wavelengths,  the  method  cannot  identify  the  magnitude  or  location 
of  the  peak  ground  Induced  load.  It  does,  however,  permit  the  quantitative 
Interpretation  of  levels  of  roughness. 
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Uelfli  power  spectral  analysis  methods,  It  he  a  b*.«a  observed' 
that  most  man-made  surfaces  (runways  and  highways)  and  natural  (virgin) 
surfaces  can  be  categorised  by  the  simple  expression, 

P(fi)  *  cn'N 


(24.  26) 


P(f!)  »  power  spectral  density  of  the  surface  profile 
height  (L4  / cycle/L) 

0  v  spatial  frequency  (cycles/L) 

C,  N  ■  constants 

The  value  of  N  has  been  shown  to  be  approximately  2.0  for  natural  surfaces'26* 
Air  Force  Flight  Dynamics  Laboratory  has  conducted  soil  runway  profile 
measurements'-***  and  a  curve  fit  to  the  bare  soil  suggested  roughness  criteria 
yields  an  N  value  of  approximately  Z.  0.  If  the  relationship  as  given  by 
Equation  l  i,  valid,  then  the  magnitude  of  the  parameter  C  provides  a  measure 
of  surface  roughness  in  a  statistical  sense.  The  larger  the  value  of  C,  the 
rougher  the  ground  profile. 

An  alternate  parameter  to  express  roughness  Is  to  determine  the 
variance  (a)  which  Is  the  Integral  on  frequency  of  the  power  spectral  density 
(Equation  1).  This  variance  la  a  measure  of  the  deviation  (amplitude)  of  the 
surface  profile  from  the  mean. 

Another  form  of  roughness  parameter  based  on  the  PSD  approach 
was  suggested  by  UTRl'  and  la  baaed  on  a  review  of  all  runway  power 
spectral  density  plots  for  paved  runways  which  were  available  ma  of  1963. 

The  following  single  parameter  was  used  as  a  measure  of  roughneaa; 


where 


N  ♦  D 
2 


”  *  *a  related  to  the  horizontal  position  of  the  PSD 

curve  at  a  spectral  density  of  1.0  in’ /radian/  ft  „ 

D  *  an  index  related  to  the  vertical  position  of  the  PSD  curve 
at  a  frequency  of  2w  radians /ft. 
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Th*  larger  the  value  of  Q,  the  more  severe  the  roughness  tn  relation  to 
landing  gear  ground  loads.  Although  the  power  spectral  denstty  approach  has 
received  considerable  use  for  defining  the  roughness  of  paved  and  unprepared 
airfields,  considerable  work  remains  to  be  accompl'shed  In  correlating  PSD 
with  aircraft  performance  on  soli  runways  particularly  through  the  incor¬ 
poration  of  soli  strength  as  it  influences  roughness. 


Vector  Approach 

Since  in  specifying  roughness  the  amplitude,  wavelength,  and 
repetition  mult  be  considered,  a  vector  quantity  rather  than  a  scalar  quantity 
haa  been  suggested  as  a  more  suitable  specification  of  roughness*^' 

Thla  vector  method  consists  of  subdividing  the  plan  area  to  be  investigated 
Into  a  finite  number  of  triangular  areas.  Each  triangular  area  la  assigned  a 
vector  (both  magnitude  and  direction).  Smooth  surfaces  have  high  vector 
magnitudes  and  rough  surfaces  low  vector  magnitudes.  By  compsrtng  the 
orientation  (direction)  of  the  vectors  in  adjacent  triangular  areaa,  an  indi¬ 
cation  of  roughness  can  be  determined  since  smooth  areas  will  have  low 
vector  dispersions  (see  Figure  l),  while  rough  areas  will  have  high  vector 
dispersions  (see  Figure  1). 


Figure  1,  Expression  of  Roughness 

A  quantitative  description  of  dispersion  (roughness)  has  been 
proposed  by  Flsher^3^  as. 
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(3) 


For  smooth  surfaces  R1  approaches  N,  and  K  approaches  Infinity.  For 

rough  surfaces,  Hi  approaches  zero  and  K  approaches  one.  This  method  has 

( 29) 

been  found  to  be  suitable  for  describing  roughness  in  a  general  sense  but 
no  correlation  has  been  developed  to  define  its  suitability  for  land  mobility 
or  aircraft/soil  type  problems. 

Selection  of  a  Site  Parameter 

At  the  present  time  (1970),  sufficient  correlations  between 
measured  soil  surface  roughness  and  landing  gear  loads  have  not  been  made 
to  permit  the  selection  of  a  parameter  which  adequately  defines  roughness  for 
aircraft  operation  on  unprepared  runways.  It  la  recommended,  however,  that 
the  roughness  parameter  C  aa  defined  in  Equation  1  be  used  on  a  preliminary 
basis  as  a  parameter  for  specifying  limiting  magnitudes  of  ground  roughness. 

A  simplified  look  at  'hlu  roughness  problem  is  shown  in  Figure  2. 

For  high  soil  strengths  (approaching  paved  runway  conditions),  the  limiting 

roughness  approaches  that  of  paved  runways.  For  example,  Hall^22\  Houbolt^24\ 

and  the  proposed  airplane  military  specifications^32'  have  specified  limiting 

roughnesa  levels  for  paved  runways  which  yield  a  C  value  from  Equation  1  of 

C  a  1.  7  to  2.  1  x  10  ft.  aa  shown  in  Figure  2.  For  low  strength  soil  runways, 

the  ground  roughnese  could  be  considerably  higher  since  the  compressibility 

of  the  soil  will  smooth  the  Input  to  the  landing  gear.  The  proposed  military 
(32) 

specifications  have  specified  a  roughness  level  for  all  bare  soil  runways 
which  yields  a  C  value  o(C  »  5.0  x  10  3  ft.  aa  shown  In  Figure  2, 

It  should  be  recognized  that  the  suggested  roughness  parameter 
does  not  include  the  influence  of  soil  strength  on  roughnesa.  As  indicated  in 
Figure  2,  considerable  research  needs  to  be  done  for  the  Intermediate  con¬ 
ditions  between  high  strength  and  low  strength  unprepared  runwaya.  Additional 
efforts  should  include  the  further  evaluation  of  the  parameter  C,  perhaps  In  a 
modified  form,  as  a  suitable  specification  of  limiting  runway  roughnesa  for 
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Aircraft  operation*  on  unprepared  runway*.  Future  r***arch  on  landing  |««r 
■  hock  etrute,  articulated  landing  gear  and  active  landing  gear  *yet«m*  will 
ultimately  Influence  the  magnitude  of  limiting  runway  roughneea. 


SECTION  v 

APPLICATIONS  TO  ACTIVE  LANDING  C  EAR  SYSTEMS 

Current  aircraft  shock  «trut  landing  gear*  sri  systems  which  react  to 
ground  induced  load*  in  a  passive  mannar.  An  actlvs  landing  gear  system 
la  one  which  permits  the  programming  of  the  shock  strut  In  anticipation  of 
cspected  ground  roughness.  The  use  of  such  a  programmable  shock  strut 
requires  the  input  of  surface  roughness  and  ground  strength  data  obtained  by 
rtmo'i  sensing  to  the  landing  gear  system.  An  Indicated  in  Section  HI. 
remote  sensing  devices  (radar.  Infrared,  laser,  etc.)  have  been  developed 
through  the  operational  stage  only  for  a  limited  number  of  specific  applications. 
The  active  landing  gear  system  is  a  totally  new  proposed  use  of  these  remote 
sensing  systems  snd  consequently  considerable  reeearch  and  development 
must  bs  undertaken  to  bring  such  a  system  to  the  operational  stage- 

There  are  two  possible  modes  in  which  the  active  landing  gear  eyetem 
could  be  used.  For  aircraft  in  landing  and  take-off  operatlone,  the  discrete 
mode  would  use  forward  looking  remote  seoeing  devices  to  measure  ground 
strength  and  roughness  in  the  path  of  the  landing  gear  system  on  a  real  time 
haeis.  TKts  data,  which  provides  the  input  to  an  onboard  computer,  would  be 
used  to  program  the  landing  gear  in  anticipation  of  the  expected  roughness, 
taking  Into  account  the  ground  deformability  based  on  soil  strength.  The 
second,  or  statistical  mode,  would  utilise  airborne  remote  sensed  ground 
roughness  and  strength  data  as  a  basis  for  a  statistical  input  for  programming 
the  landing  gear  system  in  landing  and  take-off  operations.  A  review  of 
existing  techniques  of  remote  censing  of  ground  roughness  and  strength  for 
possible  application  to  the  active  landing  gear  syetem  is  summarised  in 
Table  3  and  4  for  the  airborne  sensing  mode  and  the  on-ground  sensing  mods, 
respectively.  These  methods  of  sensing  are  defined  In  terms  of  thslr  present 
state  of  development  for  application  to  the  active  landing  gear  concept  on  a 
real  time  baela. 
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Ttbl*  J,  Aircraft  Alrborac  (Statistical  Uod«) 


As  Indicated  In  Table  4  the  aircraft  airborne  < statistical)  mode  la  m  tha 
moil  advanced  state  of  development  for  application  to  the  active  landing  gear. 
Recent  work  by  the  U.  S.  Army  Tank-Automotive  Commtnd^^  have  shown 
the  potential  for  using  active  suspension  systems  in  reducing  ground  Induced 
loads.  Although  the  use  of  airborne  sensors  and  on-ground  remote  sensors 
m  conjunction  »ith  a  programmable  landing  gear  holds  promise  for  potential 
reductions  in  landing  gear  loads  in  landing  and  take-off  operations,  considerable 
research  and  development  still  remains  to  be  sccompiished. 


SECTION  VI 


CONCLUSIONS  AND  RECOMMENDATIONS 

1.  The  reaults  o f  the  literature  review.  the  organizational  review, 
and  this  study  indicate  that: 

A.  The  cone  penetrometer  Is  the  only  operational  device  for 
evaluating  an  adequate  measure  of  soil  strength  for  rapid  In  situ  procedures 
which  satisfy  the  requirements  of  portable  equipment,  rapid  measurement, 
and  little  or  no  data  reduction.  The  mobility  and  airfield  cone  penetrometer 
presently  fulfill  these  requirements,  and  the  military  vehicle  rut  depth 
correlation  technique  is  also  very  promising, 

B.  The  aerial  Impact  penetrometer  and  the  tractor  crawler 
penetrometer  (automated  field  Siatloa)  are  the  only  devices  which  have  been 
shown  to  be  feasible  for  evaluating  a  measure  of  soil  strength  by  remote 
techniques  although  a  microwave  device  has  been  suggested  as  having  potential 
for  soil  strength  evaluation.  Aerial  photographs  can  be  used  to  Infer  soil 
strength  with  limited  accuracy  but  at  the  present  time  (1970)  cannot  provide 
this  information  on  a  real  time  basis. 

C.  The  laser  profUometer  is  the  only  device  which  appears  feasible 
for  determining  an  adequate  measure  of  ground  roughness  on  a  real  time  basis, 
but  it  appears  that  the  laser  device  will  have  to  utilise  other  remote  sensors 
(infrared  and  photographic)  In  order  to  become  an  operational  technique. 

2.  On  this  basis,  then: 

A.  Research  efforts  should  be  continued  on  correlating  cone  pene¬ 
trometer  Indices  (both  AI  and  Cl)  with  aircraft  operations  flotation  performance 
on  unprepared  runways,  utilizing  the  cone  penetrometer  indices  as  the  only 
soil  strength  parameter  until  such  time  as  future  research  indicates  a  better 
in  situ  rapid  evaluation  technique.  In  addition,  research  efforts  should  be 
undertaken  to  fully  evaluate  the  military  vehicle  rut  depth  correlation  technique 
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through  *  limited  number  of  field  operations.  Such  a  technique  can  provide  a 
vital  interim  tool  immediately  usable  to  pilots  for  determining  the  suitability 
of  sites  for  aircraft  operations. 

B.  A  suitable  method  of  expressing  surface  roughness  (the 
site  parameter)  has  not  been  developed  to  date.  Although  several  roughness 
parameters  have  been  suggested,  none  have  been  fully  verified  through  corre¬ 
lations  of  aircraft  performance  on  soil  runways.  On  a  preliminary  basis  the 
roughness  parameter.  C,  would  be  uaed  as  a  site  parameter.  Considerable 
research  remain*  to  be  accomplished  In  determining  a  auitable  method  for 
expressing  roughness  which,  when  combined  with  the  soil  parameter,  will 
permit  the  determination  of  the  operational  capacity  of  aircraft  on  unprepared 
runways. 

C.  Should  research  efforts  leading  to  the  development  of 
the  active  landing  gear  system  continc.*,  then  research  should  also  continue 
primarily  on  the  laser  profilometer  device  but  also  on  the  other  remote  sensors 
*•  research  shows  the  feasibility  of  these  rensors  to  active  landing  gear 
applications,  A  description  of  the  state-of-the-art  (1969)  of  all  remote  sensors 
and  their  applications  can  be  found  in  Needieman's  report^^. 
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Th •  list  of  literature  that  appears  in  this  Appendix  has  been 
crossed  referenced  in  relation  to  both  remote  and  in  situ  flotation 
parameter  evaluation  methods.  Seme  of  the  articles  listed  have  no 
vroas  indexing,  as  these  articles  are  not  directly  related  to  any 
specific  evaluation  method.  The  following  key  to  this  Appendix 
defines  the  reference  symbols. 
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Symbol 


1 

2 

2 

4 

5 
b 
7 

a 

9 

10 


In  Situ  M»t h  od  • 


Mobility  Coit  Ptitlromrttr 
Airfield  Con*  Penetrometer 
Remolding  lad** 

R*tlag  Con*  lad** 

Nuclear  Device* 

California  Bearing  Ratio 

Hexameter  Bearing  aQd  Sbaar  Device* 
Shaargraph 


Dim*n*loaal  Analyal*  (Military  V*hiel 
To  Aircraft  flotation  Capacity) 


R*iat*d  Topic* 


A 

B 

C 

D 

S 

T 

C 

R 


Remote  Method* 

Airphoto 

la/rared 

Radar 

Later 

Impact  Penetrometer* 
'h* 

Related  Topic* 
Rougha*** 
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Ths  following  is  *n  exact  duplicate  of  the  letter  and  information 
request  sent  to  these  organisations  for  review  and  comment. 


Douglas  Aircraft  Co,  Inc. 

Long  Beach.  California 

Lockheed-Georgla  Co. 

Marietta,  Georgia 

I1T  Reoef.rch  Institute 
Chicago,  Illinois 

Waterways  Experiment  Station 
Vicksburg.  Mirsissippi 

Princeton  University 
Princeton.  New  Jersey 

U.  S.  Army  Tank-Automotive  Center 
Warren,  Michigan 

Air  Force  Cambridge 
Research  Laboratories 
Bedford.  Mass. 

U.  S.  Naval  Civil  Engineering 
Laboratories 

Port  Hueneme,  California 

The  Boeing  Company 
Renton,  Washington 

Cornell  Aeronautical  Lab,  Inc. 
Buffalo  New  York 


Air  Force  Weapons  Lab 
KlrtlandAFB.  New  Mexico 

Texas  Instruments  Inc. 

Dallas,  Texas 

Boox-Allen  Applied  Research.  Inc. 
Cleveland,  Ohio 

Boeing  Company 
Morton,  Pennsylvania 

General  Dynamics 
Fort  Worth,  Texas 

Grumman  Aircraft 
Bethpage,  New  York 

State  University  of  New  York 
Buffalo.  New  York 


University-  of  Texas 
Austin,  Texas 


Howard  University 
Washington.  D.  C. 

Old  Dominion  Un'  /ersity 
Norfolk.  Virginia 


UNIVERSITY  Of  DAYTON 

&  DAYTON,  OHIO  43409 


RESEARCH  INSTITUTE 


Dm* r  Mr. 

Attached  are  two  copies  of  the  Information  request  we  diecueeed 
recently.  Please  keep  one  copy  for  your  own  file  and  return  the  other 
copy  to  me  after  completing  your  review  of  it. 

Thank  you  for  your  interest  and  cooperation. 

Sincerely, 
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Dr.  David  C.  Kraft 

Aesoc.  Professor,  Civil  Engineering 
and  Engineering  Mechanics 
University  of  Dayton  Research  Institute 
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SUBJECT:  ln«Situ  Rapid  Testing  and  Remote  Sensing  of  Soli  Properties 


1.  Your  participation  is  requested  In  a  current  University  of  Day'on 
program  to  identify  and  evaluate  current  methods  of  in  situ  rapid 
testing  and  remote  sensing  of  soil  properties  which  will  define  soil 
properties  applicable  to  aircraft  flotation  and  operation  on  soil 
surfaces.  Thcoe  methods  refer  to  tests  and/or  measurements 
common  to  mobility  and  flotation  type  problems. 

2.  Based  on  our  initial  review  of  existing  literature  and/or  research 
studies,  a  listing  of  existing  methods  has  been  prepared  and  is 
attached.  Your  review  of  the  listing  and  the  addition  of  your  applicable 
comments  as  well  as  an  indication  of  the  method  or  methods  your  group 
considers  as  currently  the  most  feasible  will  be  appreciated.  While 
you  and  other  selected  Individuals  *re  being  contacted  and  the  responses 
to  this  letter  are  evaluated,  the  University  of  Dayton  will  continue  i  s 
study  of  methods.  The  responses  to  this  letter  will  be  used  as  a  guide 
for  a  more  detailed  study  and  evaluation. 

3.  Although  your  participation  is  requested  on  a  no  cost  basis,  each 
individual  responding  will  automatically  receive  a  copy  of  the  final 
report  at  no  cost.  Thank  you  for  your  interest  and  assistance.  If 
there  are  any  questions,  please  call  me.  (A/C  513,  229-2036) 
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1  Summary  of  Methods  (2) 
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TEST  METHOD:  Penetration 


TYPE:  Mobility  Con*  -  Cl 

Description:  The  mobility  cone  is  a  mechanical  field  instrument  consisting 
of  a  30°  righ*  circular  cone  with  a  1/2  sq.  in.  baso  area  mounted  on  one  end 
of  a  36  in.  shaft.  A  proving  ring  with  a  dial  gage  and  handle  is  mounted  on 
top  of  the  shaft.  The  dial  gage  reading  is  in  terms  of  cone  index.  Cl,  given 
in  psi  to  a  maximum  value  o 1  300.  CX  numerically  equal*  the  force  of 
penetration  divided  by  the  case  area  of  the  cone  tip.  The  shaft  is  normally 
reduced  to  3/8“'  diameter  to  avoid  shaft  friction.  There  is  no  presently 
available  mathematical  solution  to  the  description  of  penetration  resistance 
in  terms  of  either  soil  stress- strain  properties  or  classical  failure  theory 
parameters.  The  cone  is  sensitive  to  variations  in  its  physical  shape  and 
else  end  speed  of  penetration,  and  thus  the  size  and  shape  has  been  stand* raised 
as  in  the  case  of  the  mobility  cone.  The  rate  of  penetration  presently  used  as 
standard  is  1.25  inches  per  second,  and  small  deviations  will  not  void  the  value 
obtained. 

Procedure:  Before  etarting  the  test,  the  dial  indicator  must  be  seroed  while 
the  instrument  is  suspended  by  its  handle.  Then,  placing  the  cone  tip  on  the 
ground  surface  the  operstOr  positions  himself  to  be  able  to  force  the  cone 
into  the  ground  while  holding  the  device  iu  a  vertical  piane.  'whil  penetrating 
the  soil  at  a  steady  rate  of  approximately  1-1/4  inche*  per  second,  the  opera¬ 
tor  reads  the  value  of  Cl  a*  the  cone  top  enter*  the  soil  and  takes  subsequent 
readings  at  3  inch  interval#  to  a  depth  of  18  Inches.  The  Cl  values  are  plotted 
versus  depth  and  then  the  soil  strength  can  be  specified  as  the  Cl  at  a  given 
depth  of  penetration  or  as  an  iweiuge  Cl  over  a  given  range  of  depth.  Some 
care  and  experience  are  necessary  to  obtain  good  results  and  two  men  running 
the  test  help  to  make  the  data  more  reliable.  It  should  be  noted  that  this  is  an 
abbreviated  version  of  the  compile  set  of  procedures  a  *  fiat  the  reference 
below  should  be  consulted  for  derail*. 


Discussion:  Tor  *  Cl  value  of  30C,  i50  pound*  oJ  force  must  be  applied  to 
the  staff;  therefore,  an  average  man  would  .find  it  difficult  to  uac  this  inetru- 
meat  In  hard  eoll  CBR  7.5)  accurately.  The  device  ie  for  use  in  fine-grained 
eoil  and  soil  which  contains  large  nek  or  which  is  composed  mainly  of  large 
rock  cannot  be  evaluated  by  this  method.  More  than  one  Cl  test  should  be 
performed  to  establish  the  homogenity  of  the  soil  and  to  increase  the  reliability 
of  the  results,  but  the  exact  number  of  teats  has  to  be  determined  in  each  case. 
This  test  is  quick  and  easy  to  perform,  and  has  been  used  in  flotation  research 
so  that  considerable  correlation  does  exist  for  current  flotation  analysis. 

Over  all,  the  mobility  cone  penetrometer  is  a  good  soil  strength  evaluation 
device,  even  though  it  doee  not  measure  a  fundamental  soil  property  but  rather 
some  combination  of  the  fundamental  strength  parameters,  cohesion  and  friction. 

Reference:  "Soils  Traificability ",  Department  of  the  Army  Technical  Bulletin  - 

TB  ENG  37,  Headquarters,  Dept,  of  the  Army,  Waehington  25,  D.C., 
10  July  1959. 
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TESTMETHuLi.  Penetration 

TYPE;  Airfield  Cone  Penetrometer  -  AJ 


ft 


m 


Den.  nption;  The  Airfield  Cone  ie  a  field  device  that  consists  of  a  30°  right 
circular  cone  with  *  base  diameter  of  1/2  inch  (area  •  0.2  sq.  in.),  mounted 
jn  a  graduated  etaff.  On  the  opposite  end  of  the  staff  are  a  spring,  a  load 
indicator,  and  a  handle.  The  overall  length  of  the  assembled  penetrometer  is 
about  36  inches,  and  disassembled  the  longest  piece  is  14-3/4"  long.  There 
are  two  extension  shafts,  the  handle,  spring  load  assembly,  two  wrenches,  and 
one  extra  cone  tip  in  the  airfield  penetrometer  package,  and  the  total  weight 
is  about  2.6  pounds.  The  load  ii  measured  by  a  calibrated  spring  which  is 
ussd  in  tension  much  liks  a  spring  scale,  and  the  readings  are  given  in  tens 
of  pounds.  Thu*,  the  maximum  reading,  which  is  15,  is  equal  to  150  lbs,  on 
the  device.  The  parameter  measured  is  called  the  airfield  index,  Al,  and  la 
equal  to  the  load  on  the  tip  divided  by  10.  Thus.  AI  is  a  measure  of  fores. 

The  only  difference  between  AI  and  Cl  la  the  range  of  readings  and  ths  sensi¬ 
tivity  of  each  mitrumtnt.  Cl  equals  fifty  times  tbs  AI  value. 

Procedure:  The  procedure  for  operation  of  the  airfield  penetrometer  is 

identical  to  that  of  the  mobility  cone  penetrometer  with  the  exception  of  the 
penetration  rate,  which  is  1/2  to  1"  per  second  for  the  airfield  penetrometer. 
The  readings  are  taken  at  specific  depth*  as  determined  by  the  2"  graduations 
marked  on  the  shaft  to  a  maximum  depth  of  24".  The  device  should  be  kept 
clean  and  oiled,  and  when  performing  a  test  care  should  be  taken  not  to  hit 
rocks  while  penetrating  the  soil.  If  a  rock  or  other  obstruction  is  hit  during 
a  test,  the  erroneous  reading  should  be  disregarded  and  a  duplicate  test  run. 
Care  should  also  be  used  when  determining  the  depth  of  penetration  for  a  given 
reading.  This  test  is  identical  in  form  to  that  of  the  Cl  test  and  the  data  is 
redv.  i  in  the  same  fashion.  The  advantage  of  tbi*  device  it  related  solely 
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to  tha  aim*  cj  the  tip,  for  is  strong*'  coils  it  take*  less  lead  «S3  the  instru¬ 
ment  to  penetrate  the  coll. 

Discussion:  The  bright  ol  the  operator  a*  well  as  hi*  strength  lirrite  the 

penetrometer  reeding  anti  tne  device  will  not  accurately  measure  soil  properti«e 
in  other  thtiu  Sine  grained  coil*  and  sand.  If  possible,  two  men  should  run  the 
test  and  nway  tests  at  a  given  site  should  b«  run  to  improve  the  reliability  and 
accuracy.  Some  judgement  must  b*  exercised  by  the  operator  in  evaluating 
the  results,  particularly  if  only  a  few  testa  are  conducted.  As  -with  the 
mobility  con*,  the  AI  value  it  not  a  fundamental  soU  property,  bi’t  rather  some 
lumped  strength  parameter  of  cohesion  and  friction.  Like  the  Cl,  the  AI  la  a 
good  indicator  of  strength  for  evaluating  flotation  capacity. 

Reference!:  "Deic  .'ipti on  and  Application  of  Airfield  Cone  Peneti  ometer,  " 

W.  E,  Fenwick,  Instruction  Report  No.  7,  U.  S.  Army  Waterway* 
Experiment  Station,  Corps  of  Engineers,  Vicksburg,  Mias., 
October  1965  (AD  600  746). 
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TYPE:  Remolding  Index  (RI) 

Description:  The  remolding  index  ia  an  exprenion  designed  to  indicate  the 

effect  o:  multiple  paaaea  of  a  vehicle  by  describing  the  proportion  of  tha 
original  strength  retained  in  a  aoil  after  that  toil  ia  remolded  aa  measured  by 
before  and  after  Cl  readings.  The  equipment  needed  ia  the  mobility  cone 
penetrometer,  a  pieton-typt  sampler  that  ia  7  inches  long  and  1.9  inches  in 
diameter,  a  base  plate  with  attached  cylinder  of  the  tame  dimensions  as  the 
sampler,  and  a  campj&ctioci  drop  hammer  with  a  12  inch  free  fall  and  weigh¬ 
ing  2-1/2  pounds. 

Procedure:  A  t-inrh  sample  which  is  obtained  with  the  piston  sampler 

is  eirtruded  into  the  cylinder  and  pushed  to  tha  bottom  with  the  foot  of  the 
drop  h  amine v  compactor.  The  Cl  readings  for  tlua  sample  are  taken  as  the 
the  cone  top  enters  the  surface  and  at  vertical  increments  of  1  inch  to  a 
depth  of  4  inches.  The  sample  is  then  remolded  using  100  blows  of  the  hammer, 
and  the  penetrations  repeated.  Dividing  the  average  of  the  five  CT  values 
after  remj.ldlnj:  by  the  average  r.f  the  five  readings  before  remolding  gives  the 
RJ  value.  The  procedures  used  for  obtaining  the  Cl  readings  ait  similar  to 
those  need  for  the  field  teit,  except  for  the  depths  at  which  the  Cl  value  is 
r:ad. 

Discussion:  This  method  is  limited  to  fiue  grained  soil  and  sand,  and  requires 

a  considerable  amount  of  equipment.  There  ia  the  problem  of  reliability, 
for  running  10  to  15  of  these  test*  would  be  very  time  consuming  and  there  are 
special  procedures  to  be  fcUon,ed  in.  some  specific  cases.  Therefore,  due  to 
the  reliability,  equipment,  and  time  limitations,  the  remolding  index  Is  not  a 
gtxxi  field  evaluation  tool  for  flotation  analysis. 


ft 


<D 


* 


» 


» 


i 


»  • 


t 


» 


62 


0 


r 


£ 


•  »  ®  • 


9  f 


9 


m 


m 


R«(tr«ocn: 


*  ® 


D* partznent  of  th«  Army  Technical  Bulletin  T13  5-NG  37, 
'Soil*  Trafflcabl'ity",  Headquarter*,  Dept.  of  th*  Army, 

Washington,  D.C.,  10  July  1959. 
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TEST  METHOD:  Penetration 


TYPE:  Airfield  Penetrometer  Remolding  Index 

Description:  This  index  is  identical  to  the  remolding  index,  both  in  procedure 

and  purpose,  and  is  used  when  testing  soils  that  exceed  the  range  o £  values 
that  can  be  measured  by  the  mobility  cone  penetrometer.  The  equipment 
required  to  run  this  test  is  identical  to  the  remolding  index  test  with  the 
exception  of  exchanging  the  airfield  penetrometer  for  the  mobility  cone 
penetrometer. 

Procedure:  The  procedure!  outlined  for  the  remolding  index  are  applicable 

to  this  test. 

Discussion:  As  is  the  case  with  the  remolding  index,  complex  operational 

and  analytical  limitations  make  the  airfield  penetrometer  remolding  index 
impractical  for  an  evaluation  tool  as  related  to  flotation  analysis. 

Reference:  Department  of  the  Army  Technical  Bulletin  TB  ENG  37, 

"Soils  TrafficabilUy",  Headquarters,  Dept,  of  the  Army, 


TEST  METHOD:  Penetration 


TYPE:  Rating  Cone  Index  -  RCI 

Deacriptlon:  The  RCI  ia  intended  to  express  the  aoil  atrength  rating  of  a 

point  aubjected  to  auatained  traffic,  and  ia  numerically  equal  to  the  meaaured 
cone  index  multiplied  by  the  remolding  index.  The  equipment  neceaaary  to 
obtain  a  RCI  value  la  the  time  aa  that  for  the  remolding  index. 

Procedure:  The  remolding  index,  averaged  orer  acme  area,  ia  obtained  in 

the  atandard  fashion  while  Cl  values  in  situ  are  obtained  at  various  specific 
locations.  The  RCI  at  those  specific  locations  ia  the  product  of  the  t.verage 
remolding  index  and  the  Cl  at  that  location  as  determined  by  atandard  Cl 
procedures. 

Discussion:  The  RCI  ia  limited  by  large  data  collection  and  reduction 

requirements  and  by  procedural  complications,  some  of  which  are  noted  iu 
the  discussion  of  the  Cl  and  RI  tests.  Due  to  the  above  limitations,  the  RCI 
is  not  well  suited  for  aoil  atrength  determinations  for  aircraft  flotation 
analysis. 

Reference:  Department  of  the  i.rmy  Technical  Bulletin  T13  ENG  37, 

"Soils  Traffic  ability".  Headquarters,  Dept,  of  the  Army, 
Washington  i-b,  D.  C.  ,  10  July  1959. 
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TEST  METHOD:  Nuclear 


& 


TYPE:  Moisture  and  Density  Determination  by  Backscatter  and 

Direct  Transmission  Methods 


Description:  Nuclear  instruments  are  commercially  available  devices  that 

contain  small  nuclear  sources  for  the  purpose  of  emitting  neutrons  for 
moisture  determinations  and  gamma  rays  for  density  determinations,  by 
applying  the  principles  of  nuclear  attenuation.  The  device  contains  a  sensor 
or  detector  and  a  acaler  that  counts  tbs  neutrons  or  photons  that  return  to 
the  sensor  by  either  backscatter  or  direct  transmission.  The  density  and 
moisture  contents  are  functions  of  the  transmiesion  of  these  particles  either 
through  the  medium  or  reflection  off  the  medium.  By  use  of  a  calibration 
curve,  the  readings  can  be  converted  to  density  or  moisture  content  through 
the  use  of  either  direct  count  per  minute  or  count  ratio  methods.  These  devices 
have  been  shown  to  be  as  accurate  as  the  sand  cone  method  and  only  take  an 
approximate  15  minutes  to  get  a  moisture  and  density  determination. 

Procedure:  The  test  surface  must  be  level  and  free  of  loose  material,  and 

relatively  free  of  large  voids.  The  gauge  is  then  placed  on  the  soil  surface 
and  hooked  up  to  the  scaler.  After  allowance  for  warm-up  time,  three 
one-minute  count  readings  are  taken  and  the  gauge  is  then  rotated  92°  or 
180°  and  three  more  one-minute  count  readings  are  taken.  The  total  of  these 
six  readings  are  divided  by  6  times  the  standard  count  as  determined  during 
calibration.  The  wet  density  or  water  content  can  then  be  determined  from 
the  calibration  curve.  The  latter  description  is  the  surface  backscatter 
method  using  the  count  per  minute  calibration  method.  In  the  direct  trans¬ 
mission  method,  the  procedure  is  similar  to  the  backscatter  method,  except 
that  the  probe  is  inserted  into  the  ground  before  the  readings  are  taken.  In 
the  air  gap  method,  the  gauge  is  set  above  the  ground  in  a  preset  distance 
before  the  readings  are  taken,  and  the  procedure  is  identical  to  the  backscatter 
method  for  taking  the  readings. 
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Discussion:  Nuclear  device*  mututt  very  small  quantities  of  toil  in  the 

determination  of  moisture  and  density.  They  meaiure  to  a  depth  of  approxi¬ 
mately  6  inche*  and  for  a  volume  of  0.  1  cu.  ft.  of  material  maximum,  depend¬ 
ing  on  the  material  and  the  density.  Calibration  curve*  for  each  instrument 
should  be  determined  to  check  the  manufacturer* a  curve  and  verified  each  day. 
In  addition,  for  accurate  measurement*,  calibration  curves  need  to  be  made 
for  individual  soils.  The  equipment,  'which  is  rather  large  and  bulky,  need* 
battery  power  or  other  power  source  and  has  many  safety  regulations  that 
must  be  observed.  The  main  drawback  is  the  necessity  of  calibration  for 
each  eoil  type  encountered  and  the  reliability  of  the  result*.  The  principal 
advantage  is  the  speed  of  operation  and  the  non-destructiveness  of  the  test. 

References:  "Evaluation  of  Nuclear  Methods  of  Determining  Surface  in-Situ 
Soil  Water  Content  and  Density",  T.  B.  Rosser,  S.  L.  Webster, 
Misc.  Paper  S6915,  U.  S.  Army  Engineers  Waterways  Experi¬ 
ment  Station,  Vicksburg,  Miss.,  April  1969  (AD  688  079). 
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TEST  METHOD:  Penetration 

TYPE:  California  Bearing  Ratio  JCBR) 

Description:  The  CBR  test  is  a  plate  bearing  test  to  determine  the  CBR 

value  which  is  the  ratio  of  the  load  necessary  to  push  a  cylinder  into  the 
ground  relative  to  a  standard  load.  The  apparatus  is  composed  of  a  3  aq.  in. 
end  area  cylinder,  a  screw  jack,  surcharge  weights,  a  proving  ring,  a  dial 
gage,  and  some  type  of  reaction  frame. 

Procedure;  After  setting  up  the  CBR  apparatus  on  a  smooth  soil  surface, 
a  test  is  run  by  forcing  the  piston  into  the  soil  at  a  rate  of  0.  05  inches  per 
minute  while  recording  the  load  at  0.  025  inch  intervals.  After  maximum 
penetration  of  0.5  inches,  the  CBR  value  is  calculated  by  dividing  the 
measured  load  at  0.  1  inch  deflection  by  the  standard  load  at  0.  1  Inch  deflec¬ 
tion.  The  standard  load  is  obtained  from  a  test  on  a  typical  well-graded 
crushed  gravel.  A  standard  annular  surcharge  weight  of  10  pounds  is 
normally  placed  on  the  surface  before  running  the  test,  but  if  the  test  is  not 
run  at  the  original  soil  surface  the  surcharge  weight  is  increased  to  approxi¬ 
mate  the  weight  of  the  overburden  that  was  removed  from  the  original  surface. 
The  load  vs  deflection  curve  is  plotted  to  expose  errors  due  to  improper 
•  eating  of  the  piston  on  the  soil  or  premature  shear  failure.  The  standard 
values  for  load  vs  penetration  for  a  typical  well-graded  crushed  gravel  are: 

Penetration  Standard  Load 


(in.) 

(psi) 

0.  I 

1000 

0.2 

1500 

0.3 

1900 

0.4 

2300 

0.5 

2600 

§ 


•  t 
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Discussion:  This  devics  is  bulky  and  heav-"-,  and  require#  a  reaction  frame 

for  operation;  therefore,  it  could  not  be  carried  by  one  man.  There  i# 
considerable  data  compiled  that  relates  CBR  to  flotation  analysis  and  the 
CBR  is  a  well  known  te#t  that  is  generally  understood  by  most  engineers. 

The  results,  however,  are  not  always  consistent  and  the  loading  rate  is  low, 
but  a  major  drawback  is  that  the  CBR  measures  strength  only  under  a  small 
deformation.  Based  on  the  above  limitations  and  conaidering  the  length  ol 
time  to  run  a  CBR  test,  not  to  mention  the  experience  required  to  interpret 
the  results  properly,  the  CBR  test  is  not  a  good  field  evaluation  device. 

References:  "Investigation  of  Test  Bed  for  Airfield  Matting  Test  Facility 

Model  Soils  and  Boundary  Effects",  B.  V.  Waeholder,  Naval 
Air  Engineering  Lab  (Ship  Installation),  Philadelphia, 
November  1954  (AD  820  420). 

"Aircraft  Landing  Gear  Dynamic  Loads  from  Operation  c.n 
Cl- y  and  Sandy  Soil",  C.  K.  Butterworth,  W.  B.  Trusdale, 
AFFDL  Air  Force  Systems  Command,  Wright-Patterson  AFB, 
Ohio,  March  1969  (Preliminary  Data). 

"Subgrade.  Subbaae,  and  Test  Method  for  Pavement  Base  * 
Course  Materials",  Mil-Sttl-621A,  22  December,  1964. 


69 


TEST  METHOD:  Penetration 


TYPE:  Bevameter  Bearing  and  Shear 

Description:  The  bevameter  bearing  and  shear  apparatus  are  two  entirely 

separate  units,  one  of  which  is  a  measure  of  the  shear  strength  of  the  soil 
and  the  other  which  measures  'he  bearing  capacity  of  the  soil  as  related  to 
trafflcability.  There  are  six  different  soil  values  obtained,  three  from  the 
bearing  unit  and  three  from  the  shear  device.  The  three  parameters  obtained 
from  the  bearing  unit  are  identified  as  the  moduli  of  sinkage,  k  and  k  ,  and 
the  exponent  of  sinkage,  n.  The  parameters  cohesion,  c,  angle  of  internal 
friction,  <f>  ,  and  the  tangent  modulus  of  deformation,  K,  are  obtained  from  the 
shear  test.  These  parameters  are  related  to  the  bearing  and  shear  testa 
through  Bekker's  load  sinkage  equation  and  a  modified  form  of  Coulomb's 
equation.  The  bevameter  bearing  equipment  consists  of  a  hydraulic  load 
cylinder,  a  rotary  potentiometer  or  helipot,  a  load  cell  or  transducer,  various 
sinkage  footings,  an  X-Y  plotter,  and  a  reaction  frame  that  is  weighted  by  the 
operators  standing  on  the  frame.  The  shear  device  consists  of  a  trans¬ 
mission,  a  shear  head  shaft,  a  shear  head,  a  constant  normal  load  applicator, 
instrumentation  for  measuring  the  normal  load  and  torque,  and  a  reaction 
frame  similar  to  that  of  the  bearing  device.  A  power  supply  is  necessary 
for  both  devices. 

Procedure:  Load  Sinkage  Teat  -  The  bearing  device  must  be  capable  of 

developing  35  psi  footing  pressure,  a  load  sinkage  rate  of  60  in/min.  ,  total 
travel  of  18  Inches,  and  at  least  2%  accuracy  on  the  measurement  oi  the  load 
and  deformation.  The  load-sinkage  curve  is  continuously  plotted  during  a 
test  as  the  hydraulic  cylinder  is  used  to  force  the  plate  into  the  soil.  The 
detailed  procedures  for  obtaining  one  set  of  test  values  involves  site  prepara¬ 
tion,  trial  tests  and  data  reduction,  and  a  minimum  of  six  te  st s  u  — ing  tui  cd 
different  plate  sixes.  The  data  reduction  involves  plotting  the  sinkage  vs  load 


70 


data  by  plat*  sixes  on  logarithmic  graph  paper  and  drawing  parallel  straight 

lice*  through  the  data  point*  of  which  the  sinkages  were  two  inch**  or  greater. 

The  slope  of  these  line*  define  the  value  of  "n"  and  the  intercept*  of  these 

lines  define  constant*  that  can  be  related  to  kL  and  k  by  a  relation  derived 

d  c 

from  Bekker's  equation. 

Shear  Deformation  Test  -  The  shear  device  mu*t  be  capable  of 
rotating  the  shear  head  at  approximately  10  rpm,  free  vertical  motion  of  the 
•hear  head,  maintain  a  constant  load  throughout  the  test,  and  have  an  annular 
•hear  head  that  has  a  minimum  5  inch  inside  radius.  Ths  shear  stress- 
deformation  data  is  recorded  as  the  shear  head  is  rotated  under  a  given 
normal  load  to  the  point  where  the  shear  stress  is  a  constant  or  until  a  con¬ 
stant  rate  of  slokage  of  the  annulus  occurs.  Ths  detailed  procedure  for  obtain¬ 
ing  one  set  of  test  values  involves  site  preparation,  equipment  adjustment, 
and  at  least  four  different  normal  load  readings  with  three  repetitions  each. 

The  data  reduction  Involves  plotting  the  shear  stress-deformation  curve  and 
then  the  ultimate  shear  streso  vs  normal  load.  The  value  of  K  Is  defined  in 
terms  of  the  initial  portion  of  the  shear  stress-deformation  curve,  and  the 
values  of  c  and  4>  is  determined  from  the  ultimate  shear  stress  vs  normal 
load  curve. 

Discussion:  It  is  obvious  that  these  two  devices  are  not  well  suited  for 

rapid  determination  of  soil  strength  because  of  the  equipment  size  and 
power  requirements  alone.  Other  problem*  involving  the*e  test*  include 
the  sensitivity  of  the  result*  to  test  procedure;  seating  of  the  shear  annulu* 
flush  to  the  ground;  erratic  results  obtained  when  roots,  gravel,  and  rocks 
are  present;  and  time  involved  In  running  sufficient  tests  to  have  reliable 
results.  This  test  does  attempt  to  measure  fundamental  soil  properties 
yet  the  data  reduction  is  not  always  possible  and  the  results  are  questionable 
even  with  expert  interpretation. 
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R,f,r*n‘":  Knvi  ronmmu!  K.a.arch  Study  Mobility  Te.ttn* 

Procedure*.  **  R.  A.  Uaton.  er  *1.  ,  U.  $.  Army  £„|jtt..r 
Waterway*  L.perlment  Sutton.  Corp.  of  Eng^eere. 

Vick  *burg,  Min.,  February  >966  (AI)  800  4o2). 

”A  S.udy  Tropical  Soli  Strength.,  ••  D.  A.  Slo*.  end 
D.  M.  LaseaUne.  pre. anted  at  the  Second  iaterna  ti«A*l 
Society  for  Terrain- Veh.de  Syatem*.  Quebec  City.  Canada 
Auguet  1966. 
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TEST  METHOD.  Shear 


TY?>£:  Siisargraph 

Description'.:  The  Soil  Sheargrepti  in  a  email,  hand-held  self-recording 

field  device  that  If  designed  to  measure  the  angle  of  friction  and  the  apparent 
cohesion  of  a  soil,  The  device,  which  is  18  inchea  in  length,  te  competed 
of  a  email  grouee'et!  shear  head  with  attached  recording  pen,  a  calibrated 
torsion  spring,,  s  recording  drum  with  attached  calibrated  graph  paper,  and 
a  handle. 

Procedure:  In  operation,  the  smear  head  ia  completely  Inserted  Into  the 

noil,  normal  stress  is  applied  tc  the  shear  surface  through  axial  deflection 
of  the  spring,  and  shearing  strews  is  applied  by  twisting  the  recording  drum 
until  the  soil  falls.  After  noil  shear  failure  occurs-,  the  normal  lor  d  is 
gradually  reduced  and.  since  the  soil  will  Nuetain  only  a  givun  imcMt  of 
shearing  stress  for  a  particular  crnni!  load,  the  recording  pen  will  trace 
the  curve  of  shear  stress  versus  normal  etiese  as  the  latter  is  reduced  to 
zero.  The  data  recorded  on  the  graph  paper  is  seduced  to  values  of  cohesion 
and  the  friction  angle  by  fairing  a  straight  line  through  the  average  of  all  the 
test  plots  of  shear  stress  versus  normal  stress.  The  slope  of  this  lint 
defines  the  angle  of  friction,  >  oil  the  Intercept  defines  the  value  of  apparent 
cohesion. 

Disc  us  sivo.  The  shear  graph  was  designed  to  measure  only  surface  reaction 
of  a  soil  for  the  purpose  of  evaluating  surface  traction  of  vehicles,  and  as 
such,  does  not  adequately  evaluate  the  action  of  a  wheel  unless  the  ooti  is 
particularly  hard  ant'  cohesive.  It  will  cot  adequately  define  the  strength 
In  cohesioniess  soli  du  to  lack  of  strength  at  the  surface,  allowing  sand  to 
flow  from  beneath  the  device.  Therefore,  due  to  limited  application  and  noting 
that  there  ie  no  correlation  between  she*  -  graph  data  and  flotation  analysis, 
the  socargraph  is  not  ,  good  method  to  evaluate  soil  strength  for  flotation 
analysis. 
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Reference*; 


"Soil  Sheargri.ph, "  <3.  T.  Cohroei,  AKrtculinml  Knfltrteariay: 
Vol.  44,  No.  10,  October  1963,  jrp.  554-55t-, 
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"Cohron  Sheergraph  lor  Sheering  Strength  M«*turcrn«nt," 
C.  T.  Cohron,  Journal  of  Environmental  Science*:  Vol.  6, 
No.  6,  December  1963,  pp.  17-20. 
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TEST  METHOD:  Penetration 


TYPE:  Military  Vehicle  Mut  Repiiv  Correlation 

Description:  The  prediction  oi  soil  (''.length  L*n  hi  determined  by  rei&tir.g 

experimentally  the  noil  strength  with  the  ei  lkage  oi  a  given  military  vehicle. 
There  «xlsv.*  a  i  «lntinn  of  elnkage  versus  aoll  strength,  tire  v.  el£it, 

and  other  vehicle  ptrtmcstri,  and  therefore,  tSicugh  t'.i  use  of  dimeuiiiHjal 
analysis,  a  re  1.x tie© ship  that  contains  these  variables  can  bo  «‘et erandaei  ai-t 
used  to  evaluate  sell  strength. 

Procedures:  To  find  the  strength  of  a  given  field,  a  military  truck  of  the 

type  that  has  previously  bean  calibrated  by  field  testa  Is  run  over  the  soil 
surface.  By  measuring  the  aoil  deformation  or  rut  depth,  the  eoil  strength 
can  be  determined  by  looking  into  a  table  for  that  type  truck  with  some 
measure  of  Us  gross  weight  at  the  time  to  determine  the  strength  of  a  soil 
cot  responding  to  the  amount  of  measured  rut  depth.  This  strength  is  then 
used  ns  the  strength  of  the  soil,  and  can  then  be  directly  related  to  aircraft 
flototitiCi  performance. 

Discussion:  The  feasibility  of  this  method,  which  is  rapid  and  easy  to 

iatSTpret,  has  been  demonstrated  in  relation  to  heavier  military  vehicles. 
Hcrwever,  at  the  present  time  sufficient  correlation  hae  not  been  accomplished 
tc  fully  evaluate  aoil  strength  based  on  military  vehicle  rut  depth.  Other 
than  the  weight  of  the  military  ♦.  ehfcls  causing  rut  depths  too  small  to  measure, 
thero  a r*  cr.  limitations  on  this  approximate  method  of  predicting  soil  surface 
»'«.r<tn£fh. 

preference;  "Evaluation  of  Soil  Strength  of  Unsurfaced  Forward  Airfields 
by  Ueu  of  Ground  Vehicles,  "  G.  M.  riammitt,  Draft  Copy, 

H  sport  No.  1,  Office  Study,  U.  S.  Army  Waterways  Experi¬ 
ment  Station,  Vtckrburg,  Mississippi,  May  1968. 
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TEST  METHOD:  Remote  Sensing  Techinqu *  -  Photography 
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TYPE: 


Metric  and  Multi  spectral 


Description:  Metric  photography,  which  is  a  branch  tri  th*>  t'iuM  of  photo 

interpretation  called  photogrammetry,  is  a  science  which  deal*  with  Ktetare* 
ment  of  object*  as  recorded  on  photograph*.  By  use  of  stereo  vertical 
photography,  the  photogrametrlst  can  determine  ground  profU-tf  and  many 
other  useful  item*  *uch  a*  soil  type,  moisture  content,  and  degree-  of  con¬ 
solidation  in  crude  form,  but  theee  latter  items  ars  v*riv*d  at  only  ihrough 
extensive  study  by  an  expert  photo  Interpreter.  There  are  three  general  type* 
of  aerial  photography:  frame,  panoramic;  and  atrip  type.  At  present,  the  frame 
type  photography  1*  better  suited  to  the  ascertaining  of  soil  profile  and  roughrcaa 
data,  due  to  its  stronger  metric  qualities;  hut  the  strip  and  panoramic  types 
have  much  greater  fidelity  than  the  frame  type,  and  therefore  the  metric  qualities 
of  atrip  and  panoramic  photography  should  be  further  developed. 

Procedures:  The  frame  camera  is  a  conventional  9"*9"  aerial  mapping  camera 

and  is  defined  as  a  camera  In  which  an  entire  frame  or  format  is  exposed  through 
a  lens  that  Is  fixed  relative  to  the  focal  plane.  The  best  type  of  camera  for 
metric  photography  has  a  between-the-lens  type  shutter  and  usee  roll  film  that 
is  controlled  automatically  with  the  shutter.  This  type  of  camera,  which  can 
have  a  focal  length  range  of  3-1/2  Inches  to  48  inches,  can  be  equipped  with 
linage  motion  compensation  which  is  necessary  for  metric  work.  The  reso¬ 
lution  in  this  type  of  photograph  is  variable,  and  is  beet  at  the  principal  point 
and  gets  worse  as  the  radial  distance  increa  ss  toward  the  edge.  Common 
values  of  resolution  are  from  30  to  SO  line  pairs  per  mm. 

Discussion:  Some  of  the  sources  of  error,  when  trying  to  interpret  aerial 

photography,  involve  the  density  of  the  atmosphsrs  at  the  time  when  the 
photography  wti  exposed,  radial  and  tangential  lens  distortion,  film  distortion, 
flint  thickness,  migration  of  silver  halide  crystals  during  developing, 
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•si'-ulilon  creep,  image  irradiation,  physical  camera  distortion,  aad  actual 
else  and  shape  of  the  silver  halide  crystal*.  Some  oi  these  errors,  such  as 
t'.t*  density  of  the  atmosphere,  are  not  compensated  and  others,  such  as  the 
radial  and  tangential  lens  distortion,  involve  physical  impossibilities  a* 
compensation  of  the  one  causes  errors  in  the  other.  Yet  these  error#  a.e 
veiy  email,  and  with  state  of  the  art  technique*  and  equipment,  most  errors 
can  be  identified  and  compenoated,  It  has  to  be  remembered  that  the  above 
di  scussion  does  not  Include  the  errors  irtroduced  by  improper  run  angle, 
ha*a  in  the  atmosphere,  g.-ound  coloring  for  contrast,  height  of  the 
photography  and  scale,  and  many  other  small  but  Important  features. 

Even  considering  the  above  mentioned  problems,  the  dendLx  report 

pick*  photography  (i.  e.  ,  the  frame  format  type)  as  the  best  sensor  for  the 

\ 

site  selection  task  for  giving  accurate  profiles  for  cut  and  fill  calcula.ions 
and  materials  evaluation.  This  recommendation,  baaed  on  the  frame  format's 
excellent  metric  quality,  also  stated  that  image  motion  compensation  was 
essential  v.nd  thot  convergent  photography  gives  the  bes.  geometry  for  data 
analysis.  Convergent  photography,  which  is  taken  with  two  cameras  tilted 
toward  each  other  at  some  augle  between  0°  and  45°,  givns  better  metric 
qualities  than  the  standard  type  photography.  It  was  alto  noted  that  strip  and 
pan  photography,  which  give  excellent  fidelity  and  resolution,  may  replace  the 
frame  format  photography  by  improving  the  metric  jualitiei  of  strip  and  pan 
through  the  use  of  analytical  stereo  plotting  instead  of  manual  plotting. 

Ab  an  indication  of  the  accuracy  possible  with  aerial  photography, 
the  following  equation  is  presented.  This  equation  predicts  the  amount  of 
error  present  in  any  one  specific  determination  of  the  height  of  an  object 
imaged  in  a  photograph. 
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where,  *  amount  of  error  la  a  spot  elevation  deter mtaatlon 

M  ■  height  of  camera  above  terrain 

B  ■  difference  in  horizontal  position  between  photographs 
f  »  camera  focal  length 

a  experimentally  determined  amount  of  error  in  any  one 
reading  and  is  the  amount  of  parallax  divided  by  2  that 
can  be  resolved  on  the  photograph,  changes  for 

each  photo  and  the  best  that  can  be  gotten  to  date  is 
0. 005  mm. 

This  equation  assumes  the  use  of  an  analytic*!  atereoplotter  such  as  the  one 
developed  by  the  Bend  lx  Corporation,  as  well  as  perfect  conditions  for  both 
photography  and  developing.  The  analytical  plotter  mentioned  is  very  accurate 
and  faat,  but  cannot  now  operate  in  a  continuous  mode  at  this  accuracy  level. 

Actually,  the  essential  part  of  using  aerial  photography  data  for 
flotation  analysis  Is  the  developing  of  a  correlation  between  the  data  presented 
on  a  photograph  and  flotation  parameters  so  that  the  photo  Interpreter  crlll  have 
a  correct  interpretation  key  as  has  been  done  by  WES.  The  reason  for  the  need 
of  this  key  is  that  the  process  of  gathering  information  such  as  soil  properties 
from  photographs  is  cue  of  inference.  Therefore,  to  further  aid  in  this  process, 
the  analysis  of  alrphotos  ha#  taken  many  forms  such  as  color,  infrared,  and 
muitlspectral  photography.  All  of  these  assist  in  developing  the  basic  flotation 
information  and  the  analysis  of  these  newer  form#  of  photography  is  being  done 
by  computet  through  the  use  of  spectral  density  measurements  of  the  photos. 

The  statistical  analysis  of  such  data  show  promise,  but  as  yet  have  not  yielded 
the  answers  to  the  basic  problem  of  correlation  from  photo  data  to  fundamental 
properties  such  as  soli  strength.  Land  forms,  gi  eral  classification  of  soil 
types,  and  identification  of  vegetation  are  all  presently  being  done,  but  the  best 
that  can  be  expected  for  flotation  analysis  is  an  approximation  of  water  content, 
density,  and  soil  type.  From  just  these  three  parameters  a  soil  strength  will 
have  to  be  estimated,  end,  at  present,  such  an  estimate  would  be  very  crude. 
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Many  specific  example  a  of  remot*  sensing  accomplishments  are 
available,  yet  there  ia  not  one  completely  usable  system  for  the  flotation 
analysis  task.  Therefore,  the  following  examples  of  airphoto  analysis 
will  be  presented  in  summary  to  indicate  the  state  of  the  art. 

The  highly  developed  panchroma,  c  photography,  which  is  black  and 
white  photography,  is  the  most  widely  used  remote-sensing  technique  because 
of  its  availability,  low  cost,  and  high  information  content. 

Infrared  photography  is  sensitive  to  change  in  temperature,  and, 
therefore,  very  accurately  define*  drainage  patterns,  bodies  of  water,  some 
vegetation,  and  soil  moisture  coaterts. 

Color  photography  is  very  useful  in  studying  spectral  signatures  of 
soil  types,  vegetation,  and  other  geologic  features  due  to  its  many  tonal 
characteristics,  which  become  even  more  Important  in  light  of  computer 
analysis  of  remote-sensor  data. 

Infrared  color  photography  is  another  of  the  varied  combinations  that 
are  possible  for  use  as  a  remote  sensing  device.  This  type  photography  more 
clearly  shews  changes  in  vegetation  and  vegetation  vigor  than  standard  color 
photography. 

Multi  spectral  photography  is  an  atteirpt  to  use  the  best  features  of  all 
the  spectral  regions  that  can  be  recorded  on  film,  and  it  requires  accurate 
spectral  signatures  to  be  developed  and  computer  data  processing.  It  may  be 
the  best  approach  to  remote-sensing  of  flotation  data. 

In  the  final  analysis,  aerial  photography  has  been  shown  to  be  the  most 
valuable  and  developed  of  all  the  remote  sensors,  yet  the  rpecific  problem  of 
relating  airphoto  data  to  flotation  analysis  has  not  been  fully  investigated  at  this 
time.  Therefore,  evaluation  in  definite  terms  cannot  be  made  of  airphoto 
analysis  except  to  say  that  the  evaluation  of  landing  sites  for  aircraft  does  seem 
feasible  from  high  quality  photos  on  *.  non-real  time  basis.  This  would  include  a 
crude  estimate  of  soil  strength  and  rozne  evaluation  of  surfr.ee  roughness. 
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TEST  METHOD:  Remote  Sensing  Technique  -  Infrared 
TYPE:  Scanner* 

Description:  Infrared  radiation,  which  is  electromagnetic  rauiation  in  a 

band  of  wavelength*  from  about  0.7  to  1000  micron*,  i*  detected  by  a 
•yatem  which  include*  mirrors,  reflectors,  and  aome  tort  of  infrared 
radiation  detector.  The  mirror  rotates  and  scan*  a  path  perpendicular  to 
the  flight  path  and  the  signal  that  the  detector  generates  is  turned  into  a 
light  pulse  which  is  recorded  on  film.  The  product  is  a  map  of  the  terrain 
that  1*  dependent  on  the  thermal  emissivity  properties  of  the  surface  scanned. 
Texas  Instrument  has  developed  an  aerial  infrared  mapping  system,  the 
RS-7  model,  which  uses  a  mercury-doped  germanium  detector  and  records  on 
70  mm  film  in  the  8  to  14  micron  region.  It  is  interesting  to  note  that  below 
3.5  microns,  the  sensor  is  seeing  mainly  reflected  sunlight,  and  that  above 
3.5  microns  it  sees  mainly  emitted  energy. 

Discussion:  The  thermal  emiasivity  of  a  soil  surface,  which  can  be  cor¬ 

related  to  the  moisture  content  and  the  soil  texture  in  some  cases,  can  detect 
drainage  patterns  and  vegetation  rather  easily,  primarily  because  the  mois¬ 
ture  content  of  materials  exerts  the  major  control  on  the  thermal  emiasivity. 
The  tone  of  the  thermal  map  ia  the  key  to  these  correlations,  but  the  problem 
is  that  the  tone  is  dependent  upon: 

1.  Terrain  radiant  emittance  characteristics 

2.  Geometric  relationship  between  the  terrain  and  the  sensor 
system 

3.  Environmental  modification  such  as  wind,  humidity,  and 
temperature 

4.  System  settings 

5.  Image  processing  and  reproduction. 


AU  of  the  above  items  have  to  be  taken  into  account  accurately  and  correction* 
applied  to  the  results  before  meaningful  data  can  be  determined,  thus  making 
extensive  correlation  of  emiesivlty  characteristics  to  the  problem  of  soil 
moisture  and  texture,  which  still  need  to  be  done,  very  difficult. 

In  a  recent  study  the  Infrared  imagery  from  predawn  flights  was 
shown  to  be  the  best  data  for  correlation  purposes,  and  it  was  further  shown 
that  some  of  the  soils  could  be  delineated  by  high,  medium,  and  low  water 
content*.  Organic  soils  were  also  detectable,  as  was  near  surface  rock  and 
the  Infrared  Imagery  proved  to  be  an  excellent  tracking  device  for  the  laser 
profiler. 

Direct  recording  of  the  temperature  can  be  collected  and  used  to 
compile  isothermal  contour  maps  which  will  help  to  delineate  soil  textural 
and  moisture  characteristics,  surface  water,  and  surface  and  near-surface 
rock.  Very  small  differences  in  temperature  (2°  to  4°  absolute)  can  be 
detected  by  these  systems.  Thus,  if  a  correlation  between  soil  properties 
and  temperature  can  be  determined,  the  Infrared  radiometric  data  can 
predict  some  of  these  soil  properties.  Note  that  for  use  of  this  method, 
good  weather  is  required  and  the  infrared  radiation  must  be  gathered  in  one 
of  two  limited  regions  of  the  electromagnetic  spectrum  (2  to  5  and  7  to  14 
micron  regions)  that  doe*  not  seriously  attenuate  the  emittance  from  the 
surface. 

Infrared  imagery,  for  example,  would  seem  to  be  able  to  indicate  the 
homogenity  of  the  surface  very  well,  and  this  is  an  important  consideration 
for  the  landing  gear  problem.  It  is  important  to  note  that  infrared  imagery 
alone  cannot  be  used  to  any  great  advantage  for  flotation  analysis  purposes,  but 
that  when  used  in  conjunction  with  other  sensors  can  highlight  variations  in 
soil  texture,  composition,  and  moisture  content.  It  .»  very  helpful  in  soil 
mapping,  outlining  rock  formations,  and  exposing  hidden  subsurface  conditions. 
One  interesting  application  is  the  plotting  of  ground  water  movement  from  under¬ 
ground  sources  to  some  water  body. 
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The  infrared  radiometer  la  another  type  o f  Infrared  scanning  device 
that  records  the  surface  temperature  directly  on  a  strip  chart  recorder. 

These  devices  have  less  data  reduction  requirements  and  are  easier  to  use. 
They  are  good  for  periodic  measurements  of  thermal  radiation,  where  a  study 
of  the  change  of  thermal  cmisslvlty  with  time  is  of  interest. 
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TEST  METHOD;  Remote  Sensing  Technique  -  Radar 
TYPE:  Side-Looking  Radar 

Description:  Imaging  radar,  which  uses  the  region  of  the  electromagnetic 

•  pectrum  between  1  mm  and  1  meter,  ie  eeaentially  a  eimplc  electric  circuit 
consisting  of  an  energy  eource,  a  transmission  medium,  and  an  energy  receiver, 
and  the  baiic  principlca  of  the  side-looking  radar  arc  the  same  aa  those  of  a  simple 
ranging  radar.  Short  pulses  of  energy  are  sent  out  from  the  transmitter,  and 
the  energy  that  is  reflected  off  the  object  or  surface  ie  received  by  an  antenna 
and  recorded.  The  time  duration  between  the  pulse,  the  so-celled  "echo",  is 
a  measure  of  the  range  of  the  surface  or  object  and  the  amount  of  the  energy 
returned  is  a  measure  of  the  reflectivity  of  the  object. 

The  signal  that  is  returned  to  the  antenna  is  displayed  on  a  cathode 
ray  tube  (CRT)  as  a  single  line.  The  sweep  of  the  electron  beam  is  begun 
upon  return  of  the  signal  and  the  traced  line  is  modulated  by  the  return  signal 
which  causes  a  presentation  of  the  reflectivity  of  ground  objects  along  a  narrow 
path  normal  to  the  flight  line.  The  display  la  recorded  on  moving  film  line  by 
line  and  by  continuous  scanning  forms  a  type  of  map,  although  the  image  pic¬ 
ture  defined  by  this  map  1s  very  dissimilar  from  photographs. 

The  sensitivity  and  range  resolution  of  a  given  system  la  dependent 
upon  pulse  duration  and  antenna  characteristics,  such  that  longer  antennae 
refine  data  and  a  shorter  pulse  gives  better  resolution.  Modulation  techniques 
help  to  obtain  the  shorter  pulses  for  increased  resolution,  and  electronic  data 
storage  and  processing  techniques  will  also  increase  resolution. 

Discussion;  The  greatest  advantage  of  this  type  sensor  is  that  the  radar  can 
penetrate  the  atmosphere  even  in  poor  weather  conditions  and  its  ability  to 
penetrate  is  a  function  of  the  frequency  such  that,  generally,  the  lower  the 
frequency  the  greater  the  penetration  ability.  However,  radar  cannot  penetrate 
heavy  rain  storms  due  tc  signal 


return  from  the  rain. 


This  method  o i  sensing  terrain  data  has  Dot,  unfortunately ,  been 
ibown  to  ba  a  feasible  method  at  this  time  for  soil  strength  and  roughness 
determinations.  Tbe  SLR  records  are  being  used  to  identify  military 
targets,  gross  topographical  data,  and  major  environmental  targets.  It  Is 
being  researched  for  extension  to  geological  data  and  possible  engineering 
type  data  in  that  longer  wave  lengths  radars  can  penetrate  the  soil  to 
great  depths.  The  major  problszne  with  this  sensor  are  the  Lack  of  knowledge 
of  the  actual  relationships  between  the  reflectivity  and  the  materials  reflected, 
and  the  complex  relationships  governing  the  interpretation  of  the  records  due 
to  sensor-surface  orientation.  The  radar  pulses  sent  out,  for  example, 
penetrate  same  soils  and  not  othrrs  causing  different  return  signals,  but  work 
has  been,  and  is  being,  done  on  the  physical  relationships  between  the  re¬ 
flectivity  and  the  soil  properties.  Radar  records  have  been  shown  to  be  an 
indicator  of  some  physical  properties  of  soil.  Radar  sensors  can  provide 
information  on  moisture  content  in  deep  homogeneous  soils  although  they 
cannot  predict  the  depth  of  surface  water,  presence  of  ground  water,  or 
depth  to  ground  water.  Radar  does  provide  a  fairly  accurate  medium  for 
Interpretation  of  geology  and  lithology  lc  mountainous  regions  and  can  be 
useful  for  compilation  of  vegetation  neaps,  materials  maps,  and  regional 
reconnaissance  services. 

Again,  as  is  pointed  out  with  the  other  sensors,  this  device  needs 
additional  research  and  study  before  the  feasibility  of  using  SLR  for  deter¬ 
mination  of  soil  strength  and  roughness  parameters  can  be  shown.  The 
SLR  will  be  beet  used  as  one  part  in  a  complex  reconnaissance  system  where 
other  sensors  help  with  the  interpretation  of  the  SLR. 
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TEST  METHOD;  Remou  Sealing  Technique  •  Pro/U*  Recorder* 

TYPE:  Least 

Description;  The  laser  profiler,  which  Is  a  system  composed  of  a  modulated 
continuous  wave  (CW)  gas  laser,  a  barometric  altimeter,  and  a  photographic 
recording  system,  operates  as  a  simple  ranging  system  using  a  transmitted 
laser  beam  that  1s  picked  up  by  a  photomultiplier  detector  upon  return  from 
some  surface.  The  aircraft  flies  over  a  field  at  a  relatively  constant  speed 
and  altitude  as  the  laser  measures  the  height  of  the  aircraft  above  the  terrain 
and  the  barometric  altimeter  records  the  elevation  of  the  aircraft.  The  profile 
is  plotted  from  this  data  for  the  path  shown  by  the  photos  taken  with  the  laser 
data. 

Discussion:  The  system  just  described  is  very  unsophisticated,  and  since 

its  conception  the  laser  profiler  has  undergone  a  great  deal  of  development. 

The  lasers  are  non  more  powerful  and  the  systems  more  precise  than  the 
type  described  above. 

The  major  system  error  is  determined  through  signal  to  noise 
considerations,  which  arc  common  to  devices  that  use  photomultiplier  tubes. 
Aero-Services  and  Spsctra-Phy sics  wrote  an  internal  report  that  describee 
the  theoretical  analysis  of  such  a  system.  Their  analysis  and  testing  in  1965 
snowed  that  elevation  differences  of  ±i  foot  are  obtainable  and  they  indicated 
that  the  profile  can  be  determined  if  the  beam  hits  the  soil  surface  only  5%  of 
the  time  (i.  e.  ,  in  a  forest). 

V/ES  tested  a  CW  gas  laser  that  was  modulated  at  three  different 
possible  frequencies  and  this  study  showed  that  the  laser  profiler  still  had 
problems  with  system  noise  »nd  aircraft  roll  and  pitch  stabilization.  The  laser 
profiles  only  what  It  sees,  thus,  when  profiling  over  grass  the  results  showed 
the  mean  grass  height  and  net  the  surface.  Again,  the  reference  system  for 
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altitude  needs  work,  but  WES  concluded  that  vertical  elevations  to  *0.3  feet 
are  obtainable. 

Texas  Instrument*  *Uo  have  reported  on  the  use  of  the  laser 
profile/*,  using  the  Spectre-Physic*  equipment.  Their  result*  indicate  the 
profiler  can  measure  to  *1  ft.  accurately  and  could  possibly  measure  to  0.2  ft. 
with  a  more  sophisticated  system.  The  error  associated  with  altitude  and 
attitude  of  the  aircraft  arc  all  again  noted  as  a  major  source  of  error.  The 
results  also  showed  that  signal  drop-out  limited  the  laser  profllee  to  a  2500  ft. 
altitude  above  the  ground  and  that  weather  conditions  such  as  intervening  clouds, 
fog.  smoke,  or  precipitation  severely  attenuated  the  signal  and  producsd  un¬ 
reliable  information.  WES  recommends  that  the  output  of  the  laser  profiler  be 
digitised  to  supply  a  well  defined  time  and  spatial  base  for  the  data. 

Same  of  the  problems  mentioned  above  can  be  overcome  with 
improvement  in  technology,  but  cost  is  certainly  an  obstacle  and  has  been 
a  limitation  in  all  previous  systems.  Overall,  the  laser  profiler  appears  to 
be  a  very  promising  device  for  the  remote  sensing  of  ground  roughness. 

Reference*:  "An  Information  Note  on  an  Airborne  Laser  Terrain  Profiler 

and  Micro-Relief  Studies,"  R.  Demple  and  A.  K.  Parker, 

Proc.  Third  Symposium  Remote  Sensing,  University  of 
Michigan.  Ann  Arbor  ,  Michigan,  1964. 

"Capacity  of  Airborne  Laser  FrofUoroeter  to  Measure  Terrain 
Roughness,"  L  E.  Mink,  Proc.  Sixth  Symposium  Remote 
Sensing.  University  of  Michigan,  Ann  Arbor,  Michigan,  1969. 

Commiml cation  with  Air  Force  Weapons  Laboratory, 

Kirtland  Air  Force  Baa<4,  N.  Msx. 
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TEST  METHOD:  Remote  Sensing  Technique  -  Impact  Psnetrorivti.  r.< 

TYPE:  Aerial  Cone  end  other* 

Description:  The  original  impact  penetrometer,  which  wee  the  U.  S.  Air  Force 

aerial  cone  penetrometer,  vii  designed  to  Indicate  only  one  level  of  soil 
strength,  thereby  evaluating  the  soil  for  aircraft  flotation  on  a  go,  no  go  basia. 
The  aerial  cone  device  is  composed  of  a  slender  tubular  body  which  holde  a 
shear-pin  firing  device  and  a  flare,  a  cone  tip,  and  tail  fine  for  stabilization. 

The  level  of  soil  strength  indicated  by  thia  device  depends  on  the  aiza  shear-pin 
that  hae  been  installed,  for  when  the  aerial  cone  Impacts  the  soil  surface  the 
flare  ia  either  eat  off  by  the  impact  cr  the  soil  strength  la  below  that  value  which 
will  cause  failure  of  the  shear  pin.  Tha  basic  idea  behind  the  aerial  cone  is 
very  good  and  the  device  worked  when  considered  within  its  limitations  which 
included  the  necessity  of  dropping  many  devices  to  have  a  r*  liable  evaluation  of 
soil  strength. 

More  recently,  the  aerial  penetrometer  approach  has  been 
converted  to  an  impact  penetrometer  that  measures  the  time  vs.  deceleration 
curve  of  an  impact  object  on  the  soil  surface.  The  most  advanced  types  of 
impact  penetrometers  are  spheres  that  have  three  mutually  perpendicular 
accelerometers,  thus  giving  time  vs.  deceleration  curve*  which  are  Independent 
of  impact  geometry. 

Discussion:  As  with  all  methods  of  experimental  testing,  especially  in  soil 

mechanics,  the  most  important  consideration  is  the  analysis  of  the  data,  aud 
here  again  the  analysis  of  the  impact  penetrometer  does  not,  at  this  time, 
reveal  any  fundamental  soil  property.  The  analysis  of  the  Impact  penetrom- 
ster  as  developed  by  Princeton  University  has  ussd  a  Maxwell  model  to  repre¬ 
sent  the  impact  loads  and  they  have  been  able  to  distinguish  different  soil 
responses  using  this  method  in  a  limited  number  of  cases.  This  is  not  a 
fundamental  solution  to  the  problem  of  aircraft  tire-soil  interaction,  but  does 
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aeem  to  be  a  feasible  method  of  evaluating  loll  strength  on  a  eecuiernpirical 
basis.  This  approach  la.  In  fact,  the  only  method  available  to  directly 
measure  soil  strength  by  remote  means. 


References: 


» 


"Remote  Determination  of  Soli  Trafficability  by  the  Aerial 
Penetrometer,  "  by  C.  E.  Molineux,  AFCRC-55-2Z3,  Air 
Force  Cambridge  Research  Center,  Bedford,  Maas., 
October  1955  (AD92254). 

"Strength  Response  Parameters  of  Natural  Soil  Surfaces  and 
Their  Application  to  the  Landing  Program  of  Aircraft,"  by 
Kuei-wu  Tsai,  AFCRJ..  67-0583,  Princeton  University, 
Princeton,  N.  J.,  January  1967. 


TEST  METHOD:  Remote  Sensing  Technique  -  Microwave 
TYPE.  Radiornetry  and  Imagery 

Deacription;  Microwave  sensors,  which  detect  radiation  In  the  region  of  the 
electromagnetic  apectrum  between  1  mm  and  1  meter,  are  aimilar  to  both 
radar  and  Infrared  devlcea  in  that  the  inatrumentation  ia  usually  that  of  radar 
and  the  radiation  sensed  is  both  passive  and  temperature  sensitive,  as  is 
infrared  radiation.  This  radiation  can  be  recorded  either  as  apparent  tem¬ 
peratures  at  aelected  frequencies,  which  is  done  with  the  radiometer,  or  can 
be  recorded  ae  a  temperature  map  or  imagery.  The  radiation  energy  emitted 
from  soil  is  a  function  of  both  emitted  and  reflected  energy  and  the  equipment, 
usually  radar,  receiving  this  energy  ie  controlled  by  factors  Including  band¬ 
width,  antenna  characteristics,  and  receiver  characteristica. 

Discussion:  Microwave  sensors  are  the  least  developed  of  the  new  remote 

sensing  devices,  yet  there  are  many  useful  applications  for  microwave  devices, 
especially  for  bad  weather  operations.  Some  of  the  problems  with  interpreting 
microwave  data  involve  frequency  of  sensing,  the  relative  dielectric  constant 
of  the  aoil,  the  surface  roughness,  the  angle  of  incidence,  plus  all  die  normal 
parameters  that  complicate  interpretation  of  all  types  of  sensor  data.  These 
complicating  factors  include  the  weather,  seasonal  changes,  contrast  with 
surroundings,  and  many  others. 

The  microwave  eensor  gives  approximately  the  same  r~9olutdon 
as  a  comparable  infrared  eensor,  yet  the  microwave  sensor  has  the  ability  to 
sense  data,  as  related  to  temperature,  that  is  dependent  upon  soil  properties 
other  than  at  the  soil  surface.  Therefore,  like  active  radar  devices,  the  micro- 
wave  eensor  applications  will  involve  studies  concerning  soil  layering,  moisture 
cosiest  with  depth,  and  other  subsu? face  types  of  phenomena. 


Reference*: 


» 


<*■■ 


"As  Optimum  Multisensor  Approach  for  Detailed  Engineering  p 

Soil*  Mapping. by  H.  T.  Rib,  Joint  Highway  Research 

A 

Project  No.  22,  Purdue  University,  Lafayette,  Indiana, 

December  1966  (PD  176310). 

"Airborne  Remote-Sensing  Techniques  for  Site  Selection,"  ^ 

F.  J.  Buckmeler,  et  al. ,  AFWL  TR-68115,  Air  Force  Weapons 
Laboratory,  Air  Force  Systems  Command,  Kirtland  Air  Fore* 

Base,  N.  Mex.  ,  December  1968  (AD  845  756). 
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TEST  METHOD:  Remote  Sending  Technique  -  Cunmn  Ray 
TYPE:  Spectrometer 

Description:  This  relatively  new  tentor  technique  measures  levels  of 

natural  radioactive  emission  ol  various  materials  iu  the  gamma  ray  region 
of  the  electromagnetic  spectrum.  The  levels  of  emittance  of  radiation,  which 
cornea  mainly  from  concentrations  of  uraninm,  thorium,  and  potassium, 
have  been  shown  to  be  unique  in  Borne  soils  as  related  to  soil  type. 

Discussion:  Scene  of  the  problems  associated  with  the  gamma  ray-type 

of  sensor  involve  an  altitude  limitation  of  500  feet,  daylight  operation,  good 
weather,  and  a  surface  ares  free  of  water  and  snow.  The  ability  to  sense 
gamma  radiation  la  extremely  sensitive  to  these  parameters  and,  as  with 
the  other  sensors  described  in  this  report,  there  are  mauy  operational  and 
data  reduction  problems  associated  with  such  parameters  as  seasonal  changes, 
wind  factors,  time  of  day,  and  many  others. 

References:  "Airborne  Remote-Sensing  Techniques  for  Site  Selection,  “ 

r.  J.  fiuchmsier,  et  al.  ,  At  WL  TR-68115.  Air  Force  Weapons 
Laboratory,  Air  Force  Systems  Command,  Kirtland  Air  Force 
Base,  N.  Mex.  ,  December  1965  (Au  545  756;. 


TEST  METHOD:  Remote  Sensing  Technique  -  Multisensor 


TYPE: 

Description:  A  multlaeneor  approach  to  remote  eeneing,  which  combinee 

many  different  remote  eeneing  devices  ueing  both  m'lltlspeutral  and  multi- 
band  combinations,  is  designed  to  use  the  best  combination  of  remote 
sensors  for  some  specific  task.  Therefore,  the  determination  of  which 
sensors  are  capable  of  measuring  pertinent  engineering  terrain  parameters 
must  be  accomplished  before  a  multisensor  system  can  be  designed.  The 
ideal  system  is  one  which  obtains  simultaneous  coverage  of  the  teat  area 
with  the  various  sensors,  at  the  same  time,  the  same  detail,  and  the  same 
format  in  order  to  facilitate  both  comparison  of  the  different  Imagery  and 
handling  of  data  and  meaeurementa. 

Dlscusaion:  There  are  presently  many  widely  varied  multisensor  systems 

being  studied,  hut  these  systems  are  still  being  evaluated  as  to  their  appli¬ 
cations  to  specific  problems.  The  limitations  of  the  multlsensor  approach 
are  yet  unknown,  and  the  factor*  to  be  considered  in  designing  snch  a  system 
include:  purpose,  economics,  time,  personnel,  equipment  availability, 
techniques  of  handling  and  interpretation  of  data,  and  data  compatibility,  to 
mention  only  a  few.  Based  on  the  limited  knowledge  of  remote  sensor  systems, 
and  the  possibilities  revealed  by  the  multisensor  approach,  It  seams  that  this 
method  provides  the  ultimate  In  data  gathering  and  may  possibly  be  the  key  to 
the  proper  Interpretation  of  all  remote  sensing  data. 

Reference:  "An  Optimum  Multisensor  Approach  for  Detailed  Engineering 

Soils  Mapping,  "  H.  T.  Bib,  Joint  Highway  Research  Project 
Report  No.  22,  Purdue  University,  Eaiayette,  Indiana, 
December  1966  (PB  176310}. 
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—  /  Ultimate  goal*  of  Air  Force  landing  gear/soil  interaction  reacarcb  are  to 

develop  maximixed  landing  gear  dealgn  criteria  for  aircraft  operation  oo  *011  eorface 
and  to  eatablleh  absolute  techniques  fur  the  prediction  of  military  aircraft  operational 
capability  at  any  aoil  surfaced  site.  In  order  to  achieve  theae  goal*,  real  life  rela- 
tlonahlpa  muat  be  eatabliahed  between  aircraft  surface  operational  capability,  and 
aoil  and  aite  characteristic*. 

Tide  program  was  concerned  with  the  identification  of  both  soil  and  site 
parameters  usable  for  defining  aircraft  operation*  capability.  The  research  effort 
included  a  literature  survey,  a  review  of  existing  rapid  ia  situ  and  remote  sensing 
technique*  for  determining  aoil  strength  and  ground  roughness,  and  a  study  of  the 
proposed  active  landing  gear  system  a*  related  to  the  required  soil  and  site  param¬ 
eters.  A  detailed  description  of  each  of  the  reviewed  rapid  in  situ  and  remote 
tensing  techniques  is  included.' 
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